Sublimation Kinetics for Individual Graphite and Graphene Nano-particles
  (NPs): NP-to-NP Variations and Evolving Structure-Kinetics and
  Structure-Emissivity Relationships by Long, Bryan A. et al.
1 
 
 
Sublimation Kinetics for Individual Graphite and Graphene Nano-
particles (NPs):  NP-to-NP Variations and Evolving Structure-Kinet-
ics and Structure-Emissivity Relationships 
Bryan A. Long, Chris Y. Lau, Daniel J. Rodriguez, Susanna An Tang, and Scott L. Anderson* 
Department of Chemistry, University of Utah, 315 S. 1400 E., Salt Lake City, Utah 84112, USA 
*Corresponding author: anderson@chem.utah.edu 
 
KEYWORDS:  graphite, graphene, nanoparticle, sublimation, kinetics, emissivity  
ABSTRACT:  A single nanoparticle (NP) mass spectrometry method was used to measure sublimation rates as a function of nano-
particle temperature (TNP) for sets of individual graphite and graphene NPs.  Initially, the NP sublimation rates were ~400 times faster 
than that for bulk graphite, and there were large NP-to-NP variations.  Over time, the rates slowed substantially, though remaining 
well above the bulk rate.  The initial activation energies (Ea values) were correspondingly low and doubled as a few monolayer’s 
worth of material were sublimed from the surfaces.  The high initial rates and low Ea values are attributed to large numbers of edge, 
defect, and other low coordination sites on the NP surfaces, and the changes are attributed to atomic-scale “smoothing” of the surface 
by preferential sublimation of the less stable sites.  The emissivity of the NPs also changed after heating, most frequently increasing.  
The emissivity and sublimation rates were anti-correlated, leading to the conclusion that high densities of low-coordination sites on 
the NP surfaces enhances sublimation but suppresses emissivity 
INTRODUCTION 
Chemistry on the surface of nanoparticles (NPs) is 
important in catalysis and in many applications of pol-
ycrystalline nanomaterials, yet most measurements of 
nano surface chemistry average over many NPs or 
crystallites.  Because NPs in any ensemble are ex-
pected to have different distributions of surface sites 
(e.g., facets, vertices, defects, …), and in many cases, 
large variations in NP size and shape, there is reason to 
expect that the surface chemistry of individual NPs 
may deviate substantially from ensemble-averaged 
chemistry.  Understanding these deviations, and asso-
ciating them with variations in NP structure, is im-
portant in developing structure-reactivity relationships 
for nano surface reactions. 
Here we present results from a new method we have 
developed to measure reaction kinetics and emission 
spectroscopy for individual NPs at well-defined tem-
peratures.  Previous work toward this goal is briefly re-
viewed in the SI.  We apply the technique to sublima-
tion kinetics for graphite and graphene NPs and report 
on the NP-to-NP variations in the kinetics, the evolu-
tion of rates and activation energies (Ea values) that oc-
curs as the NPs sublime, and on correlations between 
changes in the distribution of surface sites, and the 
brightness and wavelength dependence of the thermal 
emission spectra for individual NPs.   
There have been many studies over the last 70 years 
of the equilibrium vapor pressure of graphite at tem-
peratures >2300 K,1-4 including some with mass anal-
ysis of the vapor.5-7  The vapor consists of Cn clusters, 
with partial pressures in the following ratio: C3 : C1 : 
C2 = ~77.4 : 20.2 : 2.4, with much smaller contributions 
from larger clusters. These data have been used to de-
rive Cn heats of formation, ΔfH(Cn), which are:  C = 
716.7 kJ/mol, C2 = 837.7 kJ/mol, C3 = 820.1 kJ/mol.  
Unusually, the sticking coefficients for Cn in collisions 
with hot graphite are well below unity,4, 7-8 thus equi-
librium data do not give the Cn sublimation rates or ac-
tivation energies (Ea values). 
Graphite sublimation in vacuum has also been stud-
ied,9-12 providing total sublimation rates averaged over 
the Cn species and over the surfaces of the polycrystal-
line samples.  As shown in Figure S1, an effective Ea 
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for sublimation can be estimated by fitting the litera-
ture data to a rate law of the form R = A∙exp(-Ea/kT), 
resulting in a value near 862 kJ/mol, substantially in 
excess of the Cn ΔfH values.  A laser-heated sublima-
tion mass spectrometry study measured Cn species dis-
tributions.13  As in the equilibrium vapor, C3 was the 
most abundant, but the C/C3 and C2/C3 ratios were sig-
nificantly higher than in the equilibrium vapor. 
Both our graphite/graphene NPs, and the bulk graph-
ite materials used in the above experiments, have dis-
tributions of exposed surface sites, including perfect 
basal planes, vacancies and other basal plane defects, 
exposed basal plane edges, and for polycrystalline ma-
terials, grain boundaries.  Previous results regarding 
the energetics of such sites and for site diffusion and 
annealing, are summarized in the Discussion.  Fully-
coordinated, basal plane sites are the most stable, hence 
have the highest Ea for sublimation.  Basal plane edges, 
vacancies, and other defects expose atoms in under-co-
ordinated and/or strained geometries, with lower sta-
bilities, hence lower Ea values for sublimation.  The 
sublimation rates and Ea values for both bulk graphite 
and for our NPs are weighted averages over the distri-
butions of exposed surface sites.  The bulk measure-
ments also averaged over large ensembles of crystal-
lites in the polycrystalline samples.   
Our single NP measurements are, in essence, looking 
at individual crystallites, thus allowing the effects of 
NP-to-NP heterogeneity on sublimation rates to be ob-
served.  In addition, as the NPs sublime, the site distri-
butions evolve, and we are able to observe the effects 
of this structural evolution on the rates and Ea values.  
For the bulk measurements, enough material was sub-
limed to ensure that the rates, averaged over many 
crystallites, reached steady state.  For individual NPs, 
one question is whether anything like steady state can 
be reached.  
Finally, we previously observed that when graphite 
and other carbon NPs are heated above ~1900 K, the 
intensities of their emission spectra change signifi-
cantly over time, sometimes brightening by up to a fac-
tor of two.14  Here we characterize the changes in NP 
spectral intensities and wavelength dependence as NPs 
sublime, and are able to extract a correlation between 
the emission brightness and the sublimation rate that 
provides insight into the structural factors that control 
emissivity. 
EXPERIMENTAL METHODS 
The instrument and methods used for trapping a sin-
gle nanoparticle (NP), and for measuring its charge 
(Q), mass (M), and temperature (TNP), have been dis-
cussed previously.14-16  In brief, electrospray ionization 
(ESI) is used to get charged NPs into the gas phase, and 
after passage through hexapole and quadrupole ion 
guides, the NPs are passed through a split ring-elec-
trode electrodynamic trap (SRET),17 where single NPs 
can be trapped.  Argon in the 1 mTorr range is added to 
damp NP motion.  A radio frequency voltage of fre-
quency, FRF, and amplitude, V0, is applied across the 
trap, creating an effective potential minimum at the 
trap center.  Any NP that becomes trapped is heated by 
a laser focused through the trap, and trapping is de-
tected by observing the thermal emission from the hot 
NP using a Si avalanche photodiode (APD).  
A trapped NP undergoes simple harmonic motion 
about the trap center, with well-defined frequencies as-
sociated axial and radial motion. The axial frequency, 
Fz, is given by: 
 F୸  ൌ ቆ|𝑄|M ቇቆ √2V଴4πଶFୖ୊z଴ଶቇ , 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏 
 
where z0 =2.96 mm.  Fz is measured every 30 seconds 
by a resonance excitation technique, thus giving Q/M.  
To determine Q, Fz is measured repeatedly as a vacuum 
ultraviolet lamp is used to induce single electron 
changes in Q, resulting in Fz steps that are fit to deter-
mine Q.  Fz measurement precision is ~0.03%, which 
is sufficient to determine Q exactly for Q ≤ ~70 – typ-
ical of the small NPs studied here.  Given Q, M can be 
extracted from the Fz measurements.  Spontaneous 
thermionic emission charge steps, sometimes seen at 
high TNP, are taken into account in calculating M. 
To measure kinetics, M is monitored vs. time as the 
NP is held at constant TNP, or at a series of TNP values.  
The M vs. time data is fit to determine the mass-loss 
rate at each TNP. Rates are expressed as numbers of C 
atoms lost per second, but note that our measurements 
provide no information about the desorbing Cn species.  
The NPs were heated by a continuous 532 nm laser, 
loosely focused through the trap center, such that the 
beam waist was more significant than the amplitude of 
the NP motion.  We previously showed that there are 
no significant differences if, instead, a 10.6 μm laser is 
used for heating.14  The laser power was measured and 
controlled in order to stabilize TNP.  
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Uncertainty in Mass Measurements:  For NPs with 
Q ≤ 70 (most NPs here) we are generally able to deter-
mine Q exactly, and in that case, the uncertainty in the 
M values extracted from equation 1 is primarily due to 
the uncertainty in z0, which depends on the accuracy 
with which the trap was machined and assembled.  This 
factor gives uncertainty in the absolute mass calibra-
tion of roughly ±1.3%.  For a few of the larger NPs 
where Q was too large to determine exactly, there is 
additional uncertainty in the absolute mass calibration 
of roughly ±0.6%.  The precision or relative uncertain-
ties in comparing M measurements is much better, 
~±0.18%, from a combination of the uncertainties in 
measuring V0 and Fz. Each sublimation rate was deter-
mined by fitting at ~20 mass measurements to extract 
the slope of M vs. time.   
Uncertainties in the absolute mass calibration cancel, 
at least partially, for some quantities reported.  In the 
NP volume ratios used to correct spectral intensities, 
the absolute uncertainty cancels exactly.  To allow rates 
to be compared for NPs of different sizes, we normal-
ize them to a nominal NP surface area, calculated from 
M, assuming spherical shape with bulk density (2.265 
g/cm2).18  Thus, the area-normalized rates are propor-
tional to (ΔM)/M2/3, with ±0.4 % uncertainty.  
NP Temperature Determination: Emission spectra 
covering the 600 to 1600 nm range were recorded sim-
ultaneous with the mass measurements, using an opti-
cal system described previously, along with the calibra-
tion methodology, and the uncertainties in TNP val-
ues.14, 16  Briefly, light emitted by the trapped NP was 
collected and split into λ < 980 nm and λ > 980 nm 
beams, which were dispersed by a pair of spectro-
graphs, equipped with cooled Si CCD and InGaAs 
photodiode array cameras, respectively.  The sensitiv-
ity of the optical system vs. wavelength, S(λ), is meas-
ured using a CO2 laser-heated micro-thermocouple 
(type C) as a calibration emitter, allowing NP spectra 
to be corrected for non-idealities in the optical system.  
A few example spectra are shown in Figure S2. 
The NP spectra are fit to a thermal emission model 
function consisting of Planck’s function for ideal 
blackbodies, multiplied by an emissivity function, ϵ: 
 Iሺλ, T୒୔ሻ ൌ  2c ∙  ϵሺλ, T୒୔ሻλସ ∙ ቀexp ቀ hcλkT୒୔ቁ െ 1ቁ  𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐 
 
The ϵ(λ, T୒୔) function accounts for non-idealities 
due both to the properties of the emitting material and 
to optical coupling with NPs much smaller than the 
emitted wavelengths.  According to Mie theory, the 
emissivity for small spherical particles is: 19 
 
ϵሺλ, T୒୔ሻ ൌ  8πrλ  Imቆሺn ൅ ikሻଶ െ 1ሺn ൅ ikሻଶ ൅ 2ቇ   , 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑 
 
where r is the NP radius, and n + ik is the complex in-
dex of refraction of the material, which depends on 
both λ and TNP.  Even for bulk materials, n and k are 
generally not known over our wavelength range at high 
temperatures, and for NPs there are additional factors 
such as quantum confinement and large numbers of 
surface sites that may affect the optical properties.  
Therefore, as is commonly done for carbonaceous 
NPs,20-24 we use a power-law approximation to the 
emissivity, ϵሺλሻ ∝ λି௡, with n as a fitting parameter, 
resulting in the thermal emission model function:  
 Iሺλ, T୒୔ሻ ൌ  Kλሺସା୬ሻ  ∙ ቀexp ቀ hcλkT୒୔ቁ െ 1ቁ    .𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟒 
Here, K is a normalization constant, and the two pa-
rameters that affect the wavelength dependence are TNP 
and n.  The fit quality is generally good, as can been in 
figure S2.  We estimated14 that the extracted TNP values 
have roughly ±6.2% absolute uncertainty, with ±2% 
relative uncertainty in comparing extracted TNP values.  
Other Experimental Considerations: Details of the 
NP feedstocks and steps taken to ensure that the NPs 
are pure carbon are discussed in the SI. The conclusion 
is that contaminants from ESI or from air exposure are 
desorbed long before the kinetics experiments start, 
and that metal contamination should be negligible.  
Figure S3 shows an experiment testing possible effects 
on sublimation rates from background O2.  The worst-
case effects are estimated to be <5% at our lowest TNP 
where sublimation is slow, dropping to < 0.1% above 
~1950 K. 
RESULTS 
Sublimation kinetics were studied in a series of ex-
periments on individual graphite and graphene NPs.  
We first present a typical experiment and its analysis, 
and then summarize the results for sets of graphite and 
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graphene NPs, focusing on both NP-to-NP variability, 
and the evolution of NP properties as the NPs are 
heated to drive sublimation. 
Single NP Data:  Figure 1 shows a typical experi-
ment on a single multilayer graphene platelet NP of in-
itial mass 64.03 MDa.  The graphene feedstock has re-
ported average thickness of ~5 nm, corresponding to 
~15 layers. The NP temperature (TNP) was ramped in 
100 K steps from 1800 K to 2100 K, back down to 1800 
K, and finally back up to 2100 K.  An initial period 
during which the NP was held at ~1300 K for Q deter-
mination is not shown.  Gaps in the data indicate peri-
ods when TNP was unstable, and these periods were 
omitted from further analysis.  With the exception of a 
few excursions, TNP was generally stable to ~±10 K 
(±0.5%) during the constant TNP periods, and even the 
largest excursions were only ~ 30 K (1.5%).   
M and TNP were measured repeatedly during each 
constant TNP time interval, which are indicated by solid 
vertical lines.  The TNP values shown are simply the av-
erages over these time intervals. Mass loss rates were 
determined by linear fits to M vs. time over the same 
time intervals, thus giving the average rates, which are 
indicated in terms of C atoms lost/second. As noted, the 
experiment gives no information about the desorbing 
Cn product distribution.  
In addition to M and TNP, the figure shows the inte-
grated emission intensity (emitted photons/second/sr 
over the 600 – 1600 nm range) and the value of the n 
parameter in the power law emissivity function.  Note 
that n decreased as TNP increased, and then increased 
again as the NP cooled, indicating that emissivity is 
temperature dependent.  The integrated emission inten-
sity, I, increased by a factor of ~2.6 as TNP increased by 
a factor of ~1.17 (~1800 to ~2100 K), corresponding to 
I ∝ T୒୔଺ . 
The sublimation rates (slopes of M vs. time) in-
creased with increasing TNP, as expected, however, 
note that the rates at similar TNP values measured at the 
beginning and end of the experiment were significantly 
different, generally slowing over time.  For example, at 
~2007 K during the initial heat ramp up, the NP sub-
limed at a rate of 99 C/sec, but at ~2001 K during the 
ramp down, the rate was only 35 C/sec.  As NPs sub-
lime, some rate slowing is expected due to loss of NP 
surface area, however, the mass loss over the entire ex-
periment was only ~9%, thus the surface area loss (∝~M2/3) would have been on the order of 6%, i.e., far 
too small to account for the rate slowing.  
To allow the kinetic and emission behavior to be ob-
served more easily, it is useful to convert the raw re-
sults into more concise and comparable forms, and this 
process is illustrated in figure 2 for the NP in figure 1.  
The TNP values, emission intensities, and n parameters 
are the average values for each time interval in figure 
1, and the rates are the average slopes in each interval. 
The uncertainties in mass, rates, TNP, etc. are discussed 
above, and figure 2 illustrates these using error bars. In 
this experiment, TNP was ramped up, down, then up 
again, but for other NPs, different TNP programs were 
examined.  The order and direction of heat ramps ap-
plied to each NP are indicated using the following ter-
minology:  1st Ramp: Up, 2nd Ramp: Down, etc. 
The emission intensity changes are summarized in 
figure 2A.  Ideal blackbody emission intensity scales 
with emitter surface area, but the emissivity for small 
NPs (equation 3) introduces another factor of r, thus 
intensity should scale with r3.  Therefore, to compen-
sate for the expected effects of decreasing NP size dur-
ing experiments (and to allow comparisons between 
different size NPs), the intensities in figure 2 and all 
figures below, have been scaled by the NP mass (∝ r3) 
measured simultaneous with the spectra. In this case, 
the intensity increased and decreased with TNP as 
noted, but note that the intensities tended to increase 
over the course of the experiments.   
The horizontal error bars represent the estimated 
±2% relative uncertainty in TNP values, because this is 
what affects trends extracted from comparing data 
points.  Intensity error bars are not shown because they 
would be smaller than the height of the symbols.  
Figure 1: Typical experiment in which a single graphene NP of 
initial mass of 64.03 MDa was heated in step-wise fashion from 
~1800 K to ~2100 K, back down to ~1800 K, then back to 
~2100 K.  The TNP and sublimation rates (given as C atoms/sec) 
indicated in boxes, are the values averaged over the time inter-
vals defined by the vertical black lines. 
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Figure 2B plots the n parameter, which decreased 
with increasing TNP, then recovered as the TNP dropped, 
but only to ~80% of its initial value, again indicating 
an irreversible change during the experiment.  The 
vertical error bars represent the estimated ~±20% 
uncertainty in the n parameter14 – large because it takes 
a large change in n to cause significant change in 
spectrum fit quality.   
Figure 2C plots the sublimation rates measured at 
each TNP during the three heat ramps.  Vertical error 
bars (~±0.4%) are not shown because they would be 
smaller than height of the symbols.  To correct for the 
~6% surface area loss during the experiment, and to al-
low comparisons with other NPs, we would ideally 
normalize rates to the NP surface areas, but these are 
unknown. Therefore, we have approximated the area-
normalized rates assuming that the NPs are spherical 
with the bulk density.  Obviously, this gives lower lim-
its on the surface areas, hence upper limits on the area-
normalized rates, given as C/sec/nm2.  The data for all 
three heat ramps are reasonably linear when plotted as 
ln(C/sec/nm2) vs. 1000/T, thus the fit lines can be used 
to extract activation energies, Ea, and prefactors, A, in 
rate expressions of the type:  R = A exp(-Ea/RTNP).   
For this data, the Ea value extracted from 1st ramp up 
was 225 kJ/mol.  The Ea extracted from the 2nd ramp 
down was 526 kJ/mol, and the 3rd ramp up gave Ea = 
470 kJ/mol. We discuss the interpretation of the ex-
tracted Ea values, below, after summarizing the results 
for sets of graphene and graphite NPs.   
Because the uncertainties in the mass loss rates are 
small, the uncertainty in the Ea values comes almost 
entirely from the ±2% relative uncertainty in TNP 
measurements.  We estimated the Ea uncertainty by 
simulating the effect of apply random gaussian TNP 
perturbations to each point in the heat ramps, with 2% 
standard deviation, refitting the data to extract the Ea 
values associated with the perturbed TNP values.  The 
simulation was repeated ~10,000 times for each heat 
ramp to obtain the corresponding spread in Ea.  The 
spreads vary somewhat from heat ramp to heat ramp, 
but average ~±20% of the extracted Ea values, and we 
take this as our estimate of the uncertainty in Ea. 
Figures S4 and S5 present a similar experiment and 
analysis for a single graphite NP, with initial mass of 
38.93 MDa.  As with the graphene NP in figures 1 and 
2, irreversible changes in the graphite NP’s kinetic and 
spectroscopic properties were observed over the course 
of the experiment. The volume-weighted emisison 
intensity increased, the n parameter decreased, and the 
sublimation kinetics slowed substantially over the 
course of the experiment, with a substantial increase in 
the Ea values from the first to second heat ramps.   
Before presenting summaries of sublimation experi-
ments on sets of graphite and graphene NPs, we present 
an example of a simpler kind of experiment, monitor-
ing kinetic and emission behavior over longer time pe-
riods at constant TNP, as shown in figures 3 and S6, for 
two graphite NPs held at different TNP values.  The NP 
in figure 3 had initial mass of 82.88 MDa, and was held 
at 1900 K for ~9 hours (an initial period for Q determi-
nation at low TNP is not shown).  This experiment was 
Figure 2: Analysis of the graphene experiment in figure 
1.  A: Integrated emission intensity averaged over each 
constant TNP period. B: Emissivity parameter, n, averaged 
over each constant TNP interval.  C: Area-normalized sub-
limation rate vs. TNP for each heat ramp, with fits to extract 
the effective Ea values shown.   
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done using the 532 nm heating laser, augmented by a 
cw CO2 laser run at nominally constant power.  TNP had 
good long-term stability, but there were short term fluc-
tuations, from power fluctuations of the CO2 laser, 
which the TNP control program was not able to compen-
sate completely.  The emission intensity fluctuated 
with the TNP fluctuations, as expected from the strong 
dependence of intensity on TNP.  The mass loss rate also 
fluctuated, but much more slowly, and some fluctua-
tions (e.g. between 10,000 and 20,000 seconds), were 
not obviously correlated with variations in TNP.  More 
importantly, there was a gradual slowing of the mass 
loss rate from an average of 368 C/sec over the first 
three hours, to an average of 189 C/sec over the final 
three hours.  This ~50% decrease is far larger than can 
be rationalized by the ~12% loss in total mass (~9% in 
surface area).  More dramatic mass loss rate slowing 
was observed for a graphite NP at 2000 K, as shown in 
figure S6.  
Comparison Data: Figure 4 plots aggregated data 
for emission properties from 15 graphite NPs with ini-
tial masses ranging from ~5 to ~120 MDa (~19 to 56 
nm, if spherical), and for 7 graphene NPs with initial 
masses ranging from ~10 to ~70 MDa.  A consistent set 
of symbols is used in figures 4-7, S7, and S8; color and 
shape indicate particular NPs, while symbol filling in-
dicates the 1st, 2nd, or 3rd heat ramps. The arrows after 
the legend symbols indicate whether each heat ramp 
was up or down, i.e., to increasing or decreasing TNP.   
 
Figure 3:  Long exposure heating experiment of a graphite NP 
with initial mass 82.88 MDa.  The TNP was held at 1900 K for 
~10.8 hours.   
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Figure 4:  A and B:  Integrated emission intensity for all graphite and graphene NPs in each heat ramp.  Consistent symbol 
shapes are used for each NP.  The symbol fill indicates the heat ramp. The arrows in the legend indicate whether the heat was 
ramped up or down.  C and D:  Emissivity parameter n for each NP in all heat ramps.  
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For some experiments, indicated by open symbols, we 
were only able to run a single heat ramp (always up) 
before losing the NP from the trap.  The vertical scales 
are identical for the graphite and graphene NPs, allow-
ing direct comparison of the emission properties.   
The top half of the figure shows the integrated emis-
sion intensities, scaled by the NP masses measured at 
the same time as the emission, i.e., approximately cor-
rected for the effects expected from varying NP vol-
ume, both from NP-to-NP and for each NP as it sub-
limed.  Error bars are not shown, but would be the same 
as in figure 2A (±2% horizontal, negligible vertical). 
The main observations were:   
1. The volume-corrected emission intensity in-
creased with increasing TNP for all NPs, but with sub-
stantial NP-to-NP variation. 
2. One graphite and two graphene NPs stood out as 
having substantially higher-than-average volume-cor-
rected emission intensities, even though their masses 
were similar to those of other NPs (see below). 
3. The graphite and graphene NPs had similar emis-
sion intensities, i.e., while there were large NP-to-NP 
variations within each data set, the intensity ranges for 
graphite and graphene NPs overlapped.   
4. Examples were seen where the emission bright-
ness increased, decreased, or did not change signifi-
cantly between the heat ramps. 
The bottom half of figure 4 shows data for the n pa-
rameter, which controls the shape of the thermal emis-
sion model function used in spectral fitting.  Low 
(high) n corresponds to flatter (sharper) λ dependence.  
Error bars are not shown, but would be the same as in 
figure 2B (±2% horizontal, ±20% vertical).  The main 
observations were:  
1. The n parameter tended to decrease with increas-
ing TNP but with NP-to-NP variation of more than a fac-
tor of 2. 
2. The one graphite and two graphene NPs that had 
unusually high emission intensity also had unusually 
low n parameters, i.e., less λ-dependent spectra. 
3. The graphite and graphene NPs had n parameters 
in overlapping ranges, but graphite had slightly higher 
n parameters on average.   
Figure 5 summarizes the sublimation rates, R, plot-
ted as ln(R) vs. 1000/T, such that the slopes are propor-
tional to the activation energies (Ea).  Data points are 
the experimental rates for each NP, and lines are single 
exponential fits to the data.  As in figures 2C and S5C, 
the raw sublimation rates (C atoms/sec) have been nor-
malized to nominal NP surface areas, calculated as-
suming spherical shape with the bulk density.  Error 
bars are not shown, but would be the same as those in 
figure 2C (±2% horizontal, negligible vertical). 
Rates are reported separately for the 1st heat ramp (al-
ways up) and for the 2nd and 3rd heat ramps, the direc-
tion of which can be seen in the legend for figure 4.  
The masses of the NPs in each heat ramp can be seen 
by comparison to figure 6, and the charges can be seen 
by comparison to figure S8.  Also plotted for compar-
ison in each frame of figure 5 is an estimate of the sub-
limation rate for bulk graphite from measurements at 
temperatures above 2300 K (see figure S1).9-12   
Most of the data are reasonably well fit by single ex-
ponential functions, but during the 1st heat ramps, the 
fits for some NPs deviated by up to a factor of ~5 at the 
lowest or highest TNP points.  In those cases, the fit 
lines shown are the best single exponential fits to the 
remaining points.  In the 2nd and 3rd ramps, the data are 
generally well fit by single exponential rate laws. 
To facilitate comparisons between different heat 
ramps and with the rates for bulk graphite, we also 
show the ensemble-averaged rates as solid red dots 
with red fit lines.  Calculating the ensemble averages is 
complicated by the fact that the measured TNP values 
varied from NP-to-NP.  To obtain the average rate, we 
used the single exponential fits to each NP data set to 
estimate what the rates for each NP would have been at 
1800, 1900, 2000, and 2100 K.  These estimated rates 
were ensemble-averaged to obtain the red dots, which 
were then fit to single exponentials (red lines).   
There are several important points to note:  
1. During the 1st heat ramp, the average area-normal-
ized rate for graphite NPs at 1800 K was ~400 times 
faster than the bulk graphite rate, and that for graphene 
was ~360 times faster.  Our assumption of spherical 
shape in calculating the NP surface area gives an upper 
limit on the rate per nm2, however, the actual NP sur-
face areas are certainly not underestimated by anything 
like a factor of 400. Thus, we conclude that the NPs 
had substantially higher inherent sublimation rates per 
unit area than bulk graphite.   
2. The NP sublimation rates increased more slowly 
with increasing TNP than that for bulk graphite, such 
that for TNP = 2100 K, the averaged NP rates were only 
a factor of ~three higher than that for bulk graphite. 
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3. The anomalously bright graphite NP (red circles) 
had the slowest sublimation rates and the steepest slope 
of any of the graphite NPs.  The two anomalously 
bright graphene NPs (red circles, blue triangles) also 
had somewhat steeper-than-average slopes, but had 
higher-than-average sublimation rates. 
4. The rates at low TNP in the 2nd and 3rd heat ramps 
were substantially lower than those in the 1st heat ramp, 
 
Figure 5:  Top:  Area-normalized rates vs. TNP for graphite (right) and graphene (left) NPs.  Points indicate 
measured rates using the same symbols as in figure 4, and lines through each set of points are single expo-
nential fits.  The solid red circles show the average rates, and the red lines are fits to the average rates.  The 
solid black line is the extrapolated rate for bulk graphite.  Middle and bottom rows: Analogous plots for the 
2nd and 3rd heat ramps. 
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although still substantially higher than the bulk graph-
ite rate.  For example, at 1800 K the averaged rate for 
graphite NPs in the 2nd heat ramp was ~6.6 times 
slower than in the 1st heat ramp, but still ~60 times 
higher than that for bulk graphite.   
 5. The rates in the 2nd and 3rd heat ramps increased 
substantially faster with TNP compared to the 1st heat 
ramp so that for TNP > 2100 K, the rates for all three 
heat ramps were similar and also similar to that for 
bulk graphite.  
6. The area-normalized rates at low TNP in the differ-
ent heat ramps varied from NP to NP by factors of up 
to 10 for the graphite NPs, and by factors of up to 20 
for the graphene NPs.  The variability of the rates de-
creased at higher TNP but still exceeded a factor of 4.   
7. The NP-to-NP variability in the sublimation rate 
was much larger than the differences between the en-
semble-averaged rates for graphite and graphene, i.e., 
there was no significant difference between graphite 
and graphene NPs.  
Finally, the activation energies (Ea values) extracted 
from the single exponential fits in figure 5 are plotted 
in figure 6 against the NP mass, measured at the be-
ginning of each heat ramp.  To maintain readability, 
error bars are not shown, however, the uncertainties in 
mass are negligible, and as discussed above, the un-
certainties in the Ea values are roughly ±20%.  Figure 
S7 in the SI gives the prefactors (A) using the same 
format.  For NPs where only a single heat ramp was 
completed, a single point is shown (open symbols). For 
NPs where multiple ramps were completed, filled sym-
bols connected with lines are used.  For a few of the 
more massive NPs, arrows are superimposed on the 
lines to show the order of the heat ramps (1 → 2 → 3).  
For other NPs, the Ea values can be associated with the 
1st, 2nd, and 3rd heat ramps by recognizing that the NP 
mass always decreased from 1st to 2nd to 3rd heat ramp.  
The NP-ensemble-averaged Ea values, and the value 
for bulk graphite are shown as horizontal dashed lines.   
The important points for this figure are: 
1. There were no obvious trends in Ea with NP mass.  
2. In 1st heat ramp for each NP, the Ea values varied 
significantly from NP-to-NP, and many were unexpect-
edly low.  For graphite NPs, the Ea values ranged from 
202 to 597 kJ/mol, with an ensemble-averaged Ea of 
322 kJ/mol.  For graphene, the Ea values ranged from 
224 to 482 kJ/mol with average of 352 kJ/mol.  (The 
ensemble-averaged values given in the figure include 
only NPs for which at least two heat ramps are availa-
ble).   
3. These spreads in Ea values are not uncertainties, 
but rather indicate the inherent variations between dif-
ferent NPs.  Measuring this NP-to-NP variability is one 
of the motivations for studying single NP kinetics. 
4. In the 2nd heat ramp, the Ea values increased for all 
NPs, but there were still substantial NP-to-NP varia-
tions (394 to 792 kJ/mol for graphite, 212 to 652 
kJ/mol for graphene). The ensemble-averaged Ea val-
ues increased to 487 kJ/mol and 364 kJ/mol for graph-
ite and graphene, respectively.     
5. In the 3rd heat ramp, the Ea values for a few of the 
graphite NPs approached the bulk graphite value, but 
most remained well below, and for a few NPs, the Ea 
values decreased, in one case substantially.  As a result, 
the average Ea decreased slightly for graphite. 
6. On average, the Ea values for graphene NPs were 
lower than those for graphite NPs, but the differences 
Figure 6:  Ea values extracted from fits to the rates in figure 5 for 
graphite (top) and graphene (bottom).  Pre factor values are found 
in figure S6.  Also shown in all figures are the average values for 
the NPs and the values obtained by fitting bulk graphite data. 
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were much smaller than the NP-to-NP variations 
within each data set.   
DISCUSSION 
The results presented here show that there are sub-
stantial NP-to-NP variations in volume-scaled emis-
sion intensities, n parameters, area-normalized subli-
mation rates, and activation energies, and that all these 
properties evolve significantly as the NPs sublime.  It 
is not so obvious what factors influence the emission 
properties, however, the sublimation kinetics clearly 
must depend on the distribution of sites present on each 
NP’s surface.  Sites with different structures have dif-
ferent energetics, hence different Ea values and rates 
for sublimation, and the measured rates for each NP are 
averages over the site distributions present at the time 
of measurement.  The substantial NP-to-NP variation 
in sublimation behavior is attributed to the heterogene-
ity of the graphene and graphite feedstocks, which 
have distributions of size, shape, and presumably of 
atomic-scale surface structure.  The mass losses during 
each experiment correspond to removing several mon-
olayer’s worth of material, thus it is reasonable to ex-
pect that the surface structures should evolve, thereby 
accounting for the observed evolution of the kinetics.  
Before discussing the structure-kinetics relationship, 
we need to consider two other properties which varied 
significantly from NP-to-NP, and thus could conceiva-
bly have affected sublimation: the NP size/mass and 
the charge. 
Effects of NP Mass on Sublimation Rates: Figure 5 
shows that the surface-area-normalized rates for the 
NPs in each heat ramp varied substantially and that 
they changed from one heat ramp to the next.  The mass 
of each NP at the start of each heat ramp can be identi-
fied by comparison to figure 6, where the same sym-
bols are used.  Close examination shows no correlation 
between mass and rates in the 1st heat ramp – some NPs 
with similar masses had very different rates, and some 
NPs with very different masses had similar rates.  In 
the 2nd and 3rd heat ramps, the NP-to-NP rate variations 
were smaller, and one apparent anomaly emerged.  
Most of the graphite NPs had rates within a factor of 
~two of the average rate, and these showed no correla-
tion to the NP mass. One graphite NP (turquoise penta-
gons) had distinctly higher rates, and it happened to be 
the lowest mass graphite NP (initial mass ~17.5 MDa) 
for which multiple heat ramps were completed.  Note, 
however, that there were four other graphite NPs with 
an initial mass just a few percent higher, and these had 
rates at or below the average.  Therefore, we discount 
the possibility that the high rates for this NP resulted 
from an inherent effect of mass on sublimation.  
Figure 6 plots Ea vs. NP mass in each heat ramp on 
each NP.  Ea varied substantially for the set of NPs, but 
there is no obvious correlation with NP mass.  It is true 
that the Ea values generally increased during the three 
heat ramps, while M decreased, but the mass changes 
are small compared to the differences in masses be-
tween different NPs.  Therefore, the changes in Ea as 
each NP sublimed are attributed to evolution of the NP 
surface site distributions, rather than to any inherent ef-
fect of the small changes in mass.  
Effects of NP Charge on Sublimation Rates:  In 
these experiments, the NP charge, Q, varied from +30e 
to +110e, generally increasing with NP mass.  We pre-
viously showed that changing Q has no effect on emis-
sion spectra or TNP,14  and here the question is whether 
Q might have effects on sublimation kinetics.  In fact, 
such effects would be quite surprising because Q/M is 
so low – between 7 x 10-7 and 6 x 10-6 e/Da, corre-
sponding to between 8 x 10-6 and 7 x 10-5 e/carbon 
atom.  Figure S8 shows the measured Ea values for the 
graphite NPs plotted against the Q values measured at 
the beginning of each heat ramp.  A comparison of fig-
ures 5 and S8 allows the rates for each graphite NP to 
be associated with its charge.  As discussed in the SI, 
we conclude that there are no direct effects of Q on ei-
ther sublimation rates or extracted Ea values. 
Effects of NP Surface Site Distributions on Subli-
mation Rates:  For graphitic NPs, the two major clas-
ses of sites are perfect basal planes where all atoms are 
fully coordinated with unstrained bonds, and less stable 
sites such as basal plane defects or edges.  Because 
such sites are less stable, they have lower heats of sub-
limation, and because they have fewer or strained C-C 
bonds, the transition states for sublimation should also 
be lower in energy (i.e., lower Ea values), compared to 
those for loss of Cn from perfect basal planes.   
For both graphite and graphene NPs, the rates meas-
ured at low TNP during the 1st heat ramps averaged 
about 400 times faster than the rate for bulk graphite, 
indicating that the NPs initially had large numbers of 
defective or under-coordinated surface sites.  At low 
TNP during the 2nd heat ramps, the rates were much 
slower, indicating that the numbers of such sites de-
creased when the NPs were heated, driving sublima-
tion.  For most, but not all NPs, the rates in the 3rd heat 
ramps were slower yet, indicating that sublimation 
tends to drive the NPs toward more stable surface 
structures.  
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This evolution of the surface site distributions ex-
plains why the Ea values extracted from the 1st heat 
ramp data were so low – below 300 kJ/mol for many 
NPs.  Such low Ea values are unphysical because any 
sites with such low Ea values would have sublimed 
away long before the start of the kinetics experiments, 
during the >20 minutes that each NP was held at ~1300 
K for Q determination.  For example, assuming a 1st 
order desorption rate constant of the form, 
k1 = ν1∙exp(-Ea/RT), and ν1  ≈ 1014 sec-1, in the range 
typically seen for surface desorption,25-26 we can esti-
mate the lifetime (1/k1) for a site with Ea = 300 kJ/mol 
to be ~10 msec at 1300 K. 
Instead, the low 1st heat ramp Ea values reflect the 
evolution of the site distribution during the heat ramp. 
Initially, the NPs had a large number of sites contrib-
uting to sublimation, resulting in high initial rates. As 
the NPs were heated, the coverage of such sites 
dropped, resulting in rates that increased more slowly 
with TNP than would have been the case for a constant 
site distribution.  Evolution, thus, artificially decreased 
the slopes in figure 5, giving artificially low Ea values.  
The measured rates can be used to roughly estimate 
the average Ea for sites contributing to sublimation dur-
ing the 1st heat ramp.  At 1800 K, the average mass loss 
rate was ~0.002 C/sec/nm2, corresponding to an aver-
age surface atom lifetime of ~50 seconds.  Using the k1 
expression given above, this would imply Ea ≈ 540 
kJ/mol, averaged over the sites contributing to subli-
mation at that TNP.  By the end of the 1st heat ramp, at 
~2100 K, the average rate was ~0.04 C/sec/nm2, imply-
ing an average surface atom lifetime of ~2.5 seconds 
and Ea ≈ 580 kJ/mol, consistent with the conclusion 
that the surface site distributions evolved to higher av-
erage site stability.   
It is useful to compare these values to what is known 
about the energetics of different graphitic sites and dif-
fusion processes. The net energy to remove an atom 
from a perfect basal plane, creating a mono-vacancy, is 
reported to be in the 705 to 725 kJ/mol range,27-34  and 
removing C2 to create a di-vacancy has net formation 
energy estimated to be in the 700 - 790 kJ/mol range.33-
35  It is likely that the Ea values for these processes are 
higher yet, thus, under our conditions, sublimation of 
C or C2 from perfect basal plane sites should make only 
minor contributions to the total rate.  We were unable 
to find energetics for loss of larger Cn from basal 
planes, but given the numbers of bonds that would have 
to be broken, these are also likely to be minor processes 
under our conditions. 
The fast NP sublimation rates are, instead, attributed 
to the presence of low-coordination, high formation en-
ergy sites on the NP surfaces.  Some types of low-co-
ordination sites probably are not important, however.  
For example, adatoms on top of graphitic basal planes 
are bound by only 145 to 200 kJ/mol,33-34, 36-37 and have 
Ea values for lateral diffusion in the 34 to 51 kJ/mol 
range.38  Therefore, any adatoms initially present on the 
NPs would have desorbed or diffused to defects or 
edges38 long before the start of our experiments.   
One type of site that must contribute strongly to sub-
limation of NPs are basal plane edges.  Several sym-
metric edge structures are possible, including “arm-
chair” with formation energy estimated to be in the 
range of 110 - 250 kJ/mol per angstrom of edge length, 
“zigzag” (116 - 300 kJ/mol/angstrom), and Klein ( 172 
kJ/mol/angstrom).27, 38-39  Armchair edges expose pairs 
of doubly coordinated atoms, zigzag edges expose in-
dividual doubly coordinated atoms, and the Klein edge 
exposes a row of singly coordinated atoms.  In addi-
tion, there are lower symmetry edge structures that can 
form by reconstruction from the symmetric edge struc-
tures with low Ea values (< 200 kJ/mol).38, 40  Thus, in-
terconversion between different edge structures should 
be rapid on our time scale.   
Another important type of site is basal plane defects, 
which are likely to be present to some extent in the re-
actant NPs.  The Ea values for sublimation of strained 
or under-coordinated atoms at defects are similar to 
those for edge sites, and as material sublimes around 
the defects, holes or pits form that expose sites similar 
to those around the basal plane edges.41-46   
An obvious question is the extent to which annealing 
is important during sublimation, i.e., is annealing fast 
enough to significantly modify the surface site distri-
bution, as it evolves during sublimation?  The Ea for 
lateral diffusion of C atoms within perfect basal planes 
is estimated to be in the ~675 to 780 kJ/mol range,28 
and annealing of dislocation loops by a vacancy crea-
tion/migration mechanism has Ea ~800 kJ/mol,47 both 
substantially higher than the Ea values for NP sublima-
tion.  As already noted, interconversion between differ-
ent edge structures should be fast, however, that simply 
converts between different types of under-coordinated 
sites with similar energies, rather than reducing their 
numbers.  If the NPs have existing mono-vacancies, 
their Ea values for lateral diffusion are only ca. 115 to 
135 kJ/mol,33-34, 48 which would give diffusion rates 
fast compared to sublimation.  Diffusion of a mono-
vacancy to a basal plane edge is energetically favorable 
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(and for NPs, the distances are small), and since this 
effectively heals the vacancy, we expect mono-vacan-
cies to be short-lived.  Note, however, that merging two 
mono-vacancies to form a di-vacancy is also energeti-
cally favorable, and the energy for lateral diffusion of 
di-vacancies is estimated to be 580 - 840 kJ/mol,33-34, 
48 i.e., once formed, di-vacancies are much more stable 
with respect to diffusion than mono-vacancies.  This is 
presumably also true of larger vacancies.  We conclude 
that atomic-scale transformations (mono-vacancy dif-
fusion, edge interconversion) should be fast on the sub-
limation time scale, but that large scale restructuring of 
the NPs in ways that would significantly change the 
number of under-coordinated surface sites, is probably 
not.  Therefore, sublimation – specifically preferential 
sublimation from defective/under-coordinated sites – 
is the dominant process driving the evolution of the 
surface site distributions during sublimation. 
As shown in figure 6, in the 3rd heat ramps, the Ea 
values for a few of the NPs approached that for bulk 
graphite, but the average remained substantially lower, 
raising the question of how best to compare our single 
NP measurements with the bulk sublimation experi-
ments described above.9-12  The bulk experiments, on 
polycrystalline graphite, would also have had contribu-
tions from a range of sites, including basal planes, ex-
posed basal plane edges or defects, and grain bounda-
ries.  Furthermore, the individual crystallites in the 
bulk graphite undoubtedly evolved with time, similar 
to the evolution shown here for single NPs.  The bulk 
rates average over many crystallites, however, and be-
cause macroscopic amounts of material were sublimed, 
the area-averaged site distributions and associated ki-
netics would have reached steady state.   
The obvious question is whether steady state can 
ever be reached during sublimation of individual 
graphite or graphene NPs.  Consideration of graphitic 
NP structures, and of experiments like those in figures 
3, 5, 6, and S6, suggest that the answer may be “only 
partially”.  These figures all show a tendency of rates 
to slow and Ea values to increase as sublimation pro-
ceeds, corresponding to the evolution of the NP surface 
sites toward greater stability, however, this evolution is 
not monotonic.  Rates were observed to fluctuate with 
time in the constant TNP experiments (figures 3 and 
S6), and there were a few NPs where the rates acceler-
ated and Ea values decreased in the 3rd heat ramp (fig-
ures 5 and 6).  This behavior suggests that there is a 
propensity for NP structures to evolve in ways that gen-
erally decreases the number of defective or low coor-
dination surface sites, but that it is possible for there to 
be temporary increases in the number of such sites. 
This behavior is not surprising for graphitic NPs that 
are initially rough, with irregular edges, defects, and 
surface asperities.  Such NPs should sublime quickly at 
first, but the combination of preferential sublimation at 
low-coordination sites, and annealing should tend to 
reduce the numbers of such sites.  On the other hand, 
there are processes, such as sublimation around basal 
defects, or sublimation that exposes underlying defec-
tive reactions, which increase the numbers of low-co-
ordination sites.   Therefore, as sublimation and anneal-
ing proceed, the rate should approach a near-steady-
state, punctuated by occasional rate accelerations as is 
observed. 
The motivation for studying both graphite and gra-
phene NPs was to examine the effects of changing the 
ratio of basal plane area to basal plane edge length.  The 
SI discusses the expected numbers and fractions of ba-
sal plane vs. edge sites for idealized graphite and gra-
phene NPs, for a mass (52 MDa) typical of the NPs 
studied here.  For idealized cube-shaped graphite, the 
edge length would be ~33.5 nm, and given the unit cell 
dimensions, just over 50% of the exposed surface at-
oms would be in edge sites.  For graphene with the ~5 
nm average thickness reported for our NP feedstock, 
and idealized square NP would have much larger sur-
face area, but with only ~6% of the exposed surface 
atoms in edge sites.  More importantly, the total num-
ber of exposed edge atoms in the graphene NP would 
be ~1/3rd that for the graphite NP.  Therefore, if subli-
mation occurs primarily at exposed edge sites, we 
might expect graphene NPs to sublime with about 1/3rd 
the rate of equal mass graphite NPs.   
In fact, however, the difference between the average 
sublimation rates for graphite and graphene is much 
smaller than the variations within the sets of graphite 
and graphene NPs.  This is not surprising, because the 
NPs are not idealized structures with regular-shaped, 
defect-free basal planes.  Both irregularities of the ba-
sal plane edges, and vacancies and other defects in the 
basal planes increase the number of low coordination 
sites, thus increasing the sublimation rates.  
Correlations between Emission Intensity and Sub-
limation Rates:  Figures 1, 2, S4, and S5 show exam-
ples in which the integrated emission intensity, I, in-
creased after heating, and in those examples, the subli-
mation rate, R, also slowed significantly.  This raises 
the question of whether emissivity might be correlated 
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with sublimation rate, and if so, what the correlation 
reveals about the factors that control graphitic NP 
emissivity. One way to extract such correlations would 
be to compare I and R for all the NPs before and after 
periods at high TNP where significant mass loss oc-
curred.  The difficulty is that our control over TNP was 
not adequate to hit exactly the same TNP values in dif-
ferent heat ramps and for different NPs. Therefore, the 
following approach was used.  The rates (figure 5) and 
emission intensities (figure 4) measured in each heat 
ramp for each NP, were fit to determine how they var-
ied with TNP, using I ∝  T୒୔ୱ  and R = A∙exp(-Ea/kTNP), 
with s, A, and Ea as fitting parameters.   The fits were 
then used to interpolate between the I and R measure-
ments, to estimate the values for TNP = 2000 K.  
Because of the large NP-to-NP variation in both I and 
R, it is difficult to deduce much about correlations by 
comparing the I and R values directly, as shown in fig-
ure S9.  The correlation is clearer if we compare 
changes in I and R for each NP after heating, because 
this cancels out the large NP-to-NP variations in abso-
lute intensity and rate. Figure 7 plots the percent 
change in I vs. the percent change in R for each NP, 
comparing the interpolated 2000 K I and R values 
measured in the 2nd and 3rd heat ramps relative to those 
measured in the 1st.  Filled symbols compare I and R 
values measured in the 2nd and 1st heat ramps, and open 
symbols compare the net change between the 3rd and 
1st heat ramps, with circles and diamonds for graphite 
and graphene, respectively.  Arrows connecting the 
symbols show how particular NPs evolved.  There are 
a few unconnected points for NPs where only two heat 
ramps were completed.   
It can be seen that most of the points lie in the upper 
left quadrant, i.e., there is a reasonably strong anti-cor-
relation between changes in sublimation rate and 
changes in emission intensity, the most common be-
havior being for intensities to increase while rates de-
crease.  The tendency of the sublimation rates to de-
crease over time is attributed to evolution of the NP 
surface site distributions, i.e., to loss of low-coordina-
tion/defective sites, as discussed above. Therefore, fig-
ure 7 suggests that loss of such sites increases the 
emission brightness of graphitic NPs. It is not surpris-
ing that the NP surface structure should affect emission 
properties, because defects and low coordination sur-
face sites must affect the NP electronic and vibronic 
(phonon) state distributions.  Understanding the struc-
ture-emissivity relationship quantitatively is not so 
straightforward, and would appear to be an interesting 
topic for theoretical investigation. 
CONCLUSIONS 
We have, for the first time, reported sublimation rates 
as a function of temperature for individual graphite and 
graphene NPs.  The average rates per unit area were 
initially several orders of magnitude faster than that for 
bulk graphite but decreased significantly as sublima-
tion was driven at high TNP over the course of several 
hours.  There were, however, large NP-to-NP varia-
tions in the rates – much larger than the difference be-
tween the graphite and graphene rates, for example.  
No significant correlations were observed of subli-
mation rates with NP mass or NP charge, both of which 
varied significantly as the NPs were repeatedly heated.  
Instead, the NP-to-NP variations in sublimation kinet-
ics are attributed to the heterogeneity of the NPs and 
the resulting variations in the numbers of defective/un-
der-coordinated surface sites.  The evolution of the ki-
netics as the NPs were heated is, therefore, attributed 
to the evolution of the surface site distributions driven 
by preferential sublimation from less stable sites, and 
annealing. 
The activation energies extracted from the rates in-
creased substantially in repeated heat ramps, reflecting 
the evolution of the NP surface structure toward greater 
stability, however, the evolution during both repeated 
temperature cycling and in long term heating experi-
 
Figure 7:  Correlations between heat-induced changes in 
emission intensity and sublimation rate at 2000 K, where 
each point represents a different NP.  ‘Ramp 2-1” means the 
percent change in intensity and rate between the 2nd and 1st 
heat ramps.  
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ments was non-monotonic.  The NPs approached a par-
tial steady state in which their surfaces had relatively 
stable fractions of low coordination and defect sites, 
but individual NPs never reached a true steady state.   
The thermal emission intensity underwent only par-
tially reversible changes as the NP temperature was re-
peatedly cycled.  Most commonly, the emission bright-
ened after heating, while the sublimation rates de-
creased, suggesting that emission intensity is depressed 
by high coverage of defects and low coordination sur-
face sites.   
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Previous work toward the goal of single NP reaction kinetics: 
Our single NP kinetics technique is based on earlier NP mass spectrometry and fluorescence 
spectroscopy work by several groups,1-6 which laid a foundation of methods for measuring NP 
mass and charge using optical detection of the NP secular (motional) frequencies.  Some 
experiments have also examined the kinetics for mass gain or loss, although until now, none 
could directly measure the NP temperature or vary it quantitatively.  For example, in 2004, 
Schlemmer et al. measured the kinetics for mass gain by a ~500 nm diameter silica NP, as 
molecules from the vacuum system adsorbed on the NP surface at near room temperature.  
Recently Esser et al.9 reported a new instrument and measurements of argon 
adsorption/desorption for silica NPs at temperatures below 40 K, but without direct temperature 
measurement.   
Our group developed an electrospray ionization (ESI) NP source to introduce CdSe/ZnS 
core/shell NPs to a trap, detecting them by laser-induced luminescence, and used this instrument 
S2 
 
to study changes in the luminescence behavior as the NP lost mass by slow sublimation.12-13  We 
also previously examined sublimation of hot carbon NPs,15 however, in that experiment, as with 
all previous single NP kinetics work, the NP temperature was unknown, so that rates could not 
be associated with TNP to extract energetic information.  Temperature determination required 
development of an optical system and calibration method capable of measuring visible and near 
IR spectra for single NPs with quantitative intensity information, and we previously reported the 
optical system design, as well as the steps necessary to convert raw spectra to temperatures.16-17  
The present report is the first in which single NP kinetic measurements have been done at well-
defined and variable temperature. 
Bulk graphite sublimation: 
Figure S1 presents measured 
graphite sublimation rates and a fit to 
an Arrhenius rate law, R=Aexp(-
Ea/kT), used to extract an Ea of 862 
kJ/mol, and to extrapolate the rate to 
the TNP range of our experiments.  
For materials where the sticking 
coefficients (S) are unity, 
sublimation rates can be calculated 
from the equilibrium vapor 
pressures, and the figure also shows 
the rates that would be obtained if this assumption is erroneously used in conjunction with 
measured equilibrium vapor pressures.14  In fact, however, graphite has S values for various Cn 
 
Figure S1:  Measurements of the sublimation rates for graphite in 
vacuum by Clarke et al.7, Marshall et al.,8 Tsai et al.,10 and Haines et 
al.,11 The solid line is an Arrhenius fit to the Clarke data.  The orange 
points and dashed fit line show the sublimation rate that would 
incorrectly be estimated if equilibrium vapor pressure data (in this case, 
by Zavitsanos et al.14) are analyzed using the common, but in this case, 
erroneous assumption that the Cn sticking coefficient is unity with hot 
graphite surfaces.  Note, Zavitsanos et al. did not make this error – the 
mis-estimate of the sublimation rate is included only to make the point 
that graphite sublimation is quite different from that typical for metals. 
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vapor species that temperature dependent and well below unity.18-20   For example, S(C) was 
found to vary from 0.7 ± 0.15 at Tsurface = 800 K, to 0.4 ± 0.2 at 2300 K,18 and S(C3) was found to 
be zero within experimental uncertainty, for surface temperatures above 1000 K.18, 20   
Typical Carbon NP spectra: 
A few typical emission spectra are shown 
for a single laser-heated graphite NP (black 
points), along with fits (colored curves) using 
the model thermal emission function given in 
equation 4 in the main text.  The TNP and n 
parameters extracted from the fits are given in 
the figure legend. 
 
Graphite and Graphene NP purity in the experiments: 
The NPMS method only monitors the total NP mass, thus it is important that we work with 
materials with the highest possible purity, with particular concern regarding any contaminants 
(e.g., metals) that might survive at high temperatures, and catalyze sublimation or other reactions.  
The entire ESI source is carefully cleaned whenever the NP material is changed, with parts exposed 
to the ESI solutions extensively cleaned or replaced.  The graphite NPs examined here have stated 
purity of 99.9999% (metals basis, Alfa Aesar), and the graphene platelet material (US Research 
Nanomaterials, Inc.) has stated composition of 99.7% C, <0.3% O.  As received, the NPs 
presumably have oxidized surface groups and adventitious adsorbates from air exposure.  
Electrospray ionization was done from 2 mM ammonium acetate solutions in methanol, thus the 
electrosprayed NPs likely also have excess ammonium acetate and methanol adsorbed.  Most 
 
Figure S2:  Emission spectra for a single graphite NP.  TNP 
are extracted by fitting the raw emission intensity using a 
Planckian fitting function.  The emissivity parameter n is 
also shown for each TNP value.  
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stable molecules, like water or methanol, desorb from graphite surfaces at low temperatures, and 
ammonium acetate was chosen specifically because it decomposes to volatile products well below 
the TNP range of interest here.21  Similarly, oxidized surface groups have been shown to desorb as 
CO or CO2 below ~1400 K when heated in vacuum,22-25  and adventitious organic contaminants 
would be expected to pyrolyze to carbon plus gaseous products.  Trapped NPs are initially held at 
TNP ≤ 1300 K during charge stepping (20 – 60 minutes), then heated over the course of a few 
minutes to 1800 K for the start of the sublimation experiments.  We expect, therefore, both 
contaminants and heteroatom functional groups on the NP surfaces should have desorbed, i.e., the 
NPs should be quite pure.  
Possible effects of background oxygen on the sublimation rates: 
Another consideration is that the presence of O2 or other oxidizers in the trap chamber 
background could lead to NP mass change from reactions, interfering with measuring sublimation 
rates.  UHP Ar (99.999%) at pressures of ~1 mTorr is used as a buffer gas to damp NP motion 
during normal operations, with UHV-compatible gas lines and fittings.  The trap chamber is also 
mostly UHV-compatible but because it is exposed to methanol from the ESI source during every 
NP injection, its base pressure is typically ~7 x 10-7 Torr.  To test for the effects of small additions 
of O2, experiments were done in which a separate flow controller was used to add O2 to the Argon 
buffer gas at pressures ~10,000 times higher than the worst-case O2 background pressure (i.e., 
assuming the background is air).   
One such experiment is summarized in Figure S3, which tests of the effects of deliberately 
adding O2 on the mass-loss rates.  The mass-loss rates were measured without and  with 0.18 mTorr 
of O2 added to the argon buffer gas in the trap.  From the difference in mass loss rates, the rate of 
oxidative mass loss can be determined.  As has been observed previously26-27 the rate for graphite 
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oxidation by O2 decreases with increasing surface temperature in our TNP range.  As a result, in the 
worst case, where the O2 pressure would have been ~10-4 of that used in figure S3, background 
oxidation would have had < 5% effect on the sublimation rates at our lowest temperatures, 
decreasing with increasing TNP to < 0.1% above ~1950 K. 
Typical experiment for a single graphite NP: 
Figure S4 shows an experiment analogous to that shown in Figure 1 of the main text.  A 
graphite NP with initial mass 38.9 MDa (~38 nm diameter, if spherical), was heated in a series of 
steps, from ~1800 K to ~2100 K.  The initial period, during which the NP was held at ~1300 K 
for Q determination is not shown.  Gaps in the data indicate periods when TNP was unstable, and 
these periods were omitted from further analysis.  TNP values and mass loss rates, averaged over 
the roughly constant TNP periods defined by the solid vertical lines, are given in boxes.  In 
addition to M and TNP, the figure shows the integrated emission intensity (emitted 
photons/second/sr over the 600 – 1600 nm range) and the value of the n parameter in the power 
 
Figure S3:  A 44.66 MDa graphite NP was heated to ~5 different temperatures, measuring the mass loss rate, with and 
without added O2.  
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law emissivity function.  Note that n decreased as TNP increased, and then increased again as the 
NP cooled, indicating that emissivity is temperature dependent.  Similarly, the integrated 
emission intensity, I, increased by a factor of ~2 as TNP increased by a factor of ~1.16 (~1800 to 
~2100 K), corresponding to I ∝ T୒୔~ହ. 
The sublimation rate increased with increasing TNP, as expected, however, the rates at similar 
TNP values measured during the heating and cooling phases of the experiment were significantly 
different.  For example, at ~1807 K at the beginning of the experiment, the NP sublimed at a rate 
of 10.2 C/sec, while during the period with TNP ≈ 1804 K at the end of the experiment, the rate was 
only 0.96 C/sec.  Decreases in sublimation rate were also observed for other temperatures, although 
in those cases the TNP values didn’t match as well during the heating and cooling phases, 
complicating the comparison.  Note also that during the period at ~2091 K, there was a slow 
increase in TNP. Nonetheless, the sublimation rate slowed significantly.  As in the example in figure 
1, As NPs sublime, some rate slowing is expected due to reduction in NP surface area, however, 
the mass loss over the entire experiment was only ~9%, thus the surface area loss (∝ ~M2/3) would 
Figure S4:  Typical sublimation kinetics experiment, in which a single graphite NP of initial mass of 38.93 
MDa was heated in step-wise fashion from ~1800 K to ~2100 K, then back down to 1800 K.  The 
temperatures and sublimation rates (given as C atoms/sec) indicated in boxes are the values averaged over 
the time intervals defined by the vertical black lines.  
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have been on the order of 6 %.  Clearly, this 
small surface area loss cannot account for rates 
slowing by up to an order of magnitude.  
Figure S5 summarizes the results, as in figure 
2 of the main text.  Figure S5A shows the 
variation of the integrated emission intensity 
with TNP.  Ideal blackbody emission intensity 
scales with emitter surface area and the 
emissivity for small NPs (equation 3) 
introduces another factor of r, thus intensity 
should scale with r3.  Therefore, to compensate 
for the expected effects of decreasing NP mass 
during the experiment (and to allow 
comparisons to NPs with different masses), the 
intensities have been scaled by the NP mass (∝ 
r3) measured during the spectral 
measurements. Note that the intensity 
increased and decreased with TNP, but the final 
intensity at 1800 K was ~15% higher than the 
intensity measured at the same TNP prior to the 
heat ramps.  Horizontal Error bars based on the ±2% uncertainty in TNP are plotted with each data 
point, as explained in the main text.  The uncertainties in relative emission intensity are negligible.   
Figure S5B plots the n parameter, which decreased with increasing TNP, then recovered as the 
 
Figure S5: Analysis of the experiment shown in figure 1. A: 
Integrated emission intensity averaged over each constant TNP 
period along with fits used to extract TNP (colored curves).. B: 
Emissivity parameter, n, averaged over each constant TNP 
interval.  C: Area-normalized sublimation rate vs. TNP, along 
with fits to extract the effective Ea values shown.  For the 2nd 
ramp, fits are shown to the highest and lowest TNP points.  
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TNP dropped, but only to ~80% of its initial value.  These changes in intensity and n parameter 
indicate that in addition to driving sublimation, heating caused irreversible changes in the NP 
emissivity.  The estimated ±20% uncertainties in n are shown as vertical error bars   
Figure S2C plots the sublimation rates measured at each TNP as the NP was heated then cooled.  
The rates and TNP values are simply the rates and temperatures averaged over the constant TNP 
intervals indicated by the vertical lines in figure S1.  To correct for the ~6% surface area loss 
during the experiment, and to allow comparisons with other NPs, we would ideally normalize rates 
to the NP surface areas, but these are unknown. We have approximately area-normalized the rates 
assuming that the NPs are spherical with the bulk density, thus obtaining upper limits on the area-
normalized rates, given as C/sec/nm2.  The data for both the 1st ramp up and 2nd ramp down are 
reasonably linear when plotted as ln(C/sec/nm2) vs. 1000/T, thus the fit lines can be used to extract 
activation energies, Ea, and prefactors, A, in rate expressions of the type:  R = A exp(-Ea/RTNP).  
For this data, the Ea value extracted from 1st ramp up was 244 kJ/mol.  During the 2nd ramp down, 
the rates are not fit well by a single Ea value.  The three highest TNP points are reasonably well fit 
(red line) to give Ea = 595 kJ/mol, and the three lowest TNP points (dashed line) give 412 kJ/mol.  
In either case, compared to the 1st ramp up, the Ea values are substantially higher, and the rates at 
low TNP substantially lower, during the 2nd ramp down.  Error bars indicate the ±2% uncertainty in 
TNP.  The ~±1.3% uncertainty in the mass loss rate is small compared to the size of the symbols. 
Another constant TNP sublimation experiment: 
Figure S6 shows an experiment in which a graphite NP (initial mass 33.7 MDa, ~36.1 nm if 
spherical) was heated, initially to 1900 K for ~2 hours, then increased to 2000 K to drive faster 
mass loss.  In this experiment, heating was initially done with just the 532 nm laser, but when TNP 
was increased to 2000 K, a cw CO2 laser was used to help heat the NP.  The CO2 laser is less stable, 
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and decreased the 
stability of TNP, which, 
nonetheless, only 
fluctuated by ±40 K, 
(±2%) with standard 
deviation of 17 K 
(<1%).  The total mass 
loss was ~23%.   
During the 2000 K period, the sublimation rate slowed by ~67%, from an average of 51 C/sec 
over the first 10 minutes to 17 C/sec over the final 10 minutes, whereas the surface area (assuming 
spherical shape) would have decreased by only ~13%.  Note also that there were significant 
fluctuations in the sublimation rate (e.g., at 
~14,000 sec) that are not correlated with 
fluctuations in either TNP or the emission 
intensity.  The emission intensity generally 
tracked the fluctuations in TNP, as expected, but 
the intensity also slowly increased during each 
constant TNP period.  For this NP, the n 
parameter decreased with time at 1900 K but 
was roughly constant at 2000 K.  
A factors extracted from fitting rates in 
Figure 5 of the main text. 
The A factors extracted by fitting the rates 
Figure S6:  Long exposure heating experiments.  A graphite NP with initial mass 33.7 MDa 
initially heated at ~1900 K ~2 hours, then at 2000 K for an additional ~4.4 hours.   
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Figure S7:  Prefactor, A, values for the graphite and 
graphene NP fits found in figure 6 in.  Also shown in all 
figures are the average values for the NPs and the values 
obtained by fitting bulk graphite data.  
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shown in figure 5 of the main text are shown in figure S7.  The logs of the A factors are correlated 
with the Ea values, as can be seen by comparing to figure 6 of the main text.  The A factors tended 
to increase substantially from heat ramp to heat ramp, but remained well below the A factor value 
extracted by fitting the bulk graphite sublimation rate data shown in figure S1.  
Relation between NP charge (Q) and kinetics.  
Figure S8 shows the Ea 
values for all the graphite NPs 
plotted vs. the Q value at the 
beginning of each heat ramp. 
The Q values generally 
increased, particularly between 
the 1st and 2nd heat ramps, due 
to thermionic emission at high 
TNP.  The inherent effects of Q 
can be judged by comparing the 
Ea values measured for each of 
the heat ramps across the ensemble of NPs.  As with the situation for NP mass, the large 
variations in Q across the ensemble are clearly not correlated to the kinetics.  For individual NPs, 
Q tends to increase in successive heat ramps, and Ea also increases, however, we believe these 
are simply the consequences of two unrelated processes that occur at high TNP – thermionic 
emission that increases Q, and sublimation that changes the surface site distribution, thus 
changing the sublimation kinetics.  The effects of Q on the actual rates can be observed by 
comparing figure 5 and figure S8, which allows the Q value for each NP in figure 5 to be 
 
Figure S8:  Showing Ea vs Q.  In this case it seems that there no noticeable 
changes due to Q state changes.  In the figure the initial Q state was use for 
each Ea that was determined for each heat ramp. 
30 40 50 60 70 80 90 100 110 120
150
200
250
300
350
400
450
500
550
600
650
700
750
800
Ac
tiv
at
io
n 
En
er
gy
 (k
J/
m
ol
)
Charge State, Q
Graphite
S11 
 
identified, because the symbol colors and shapes are consistent.  Again, there is no correlation 
between Q and the rates. 
Comparison of the fraction of under-coordinated edge sites for graphite and graphene NPs: 
The sublimation rate for an NP is expected to be strongly influenced by the number of 
defective or under-coordinated sites exposed on the NP surface because such sites have lower 
stability, and therefore should have lower activation energy (Ea) for sublimation.  For NPs, the 
class of such sites that clearly must be present in large numbers is edge sites.  An idealized 
graphite NP might consist of a cubical stack of graphene layers.  For example, given graphite’s 
0.3353 nm interlayer spacing and 0.2461 nm basal plane unit cell edge length (2 C/unit cell),28 a 
stack with thickness of 100 layers would be ~33.53 nm thick, and if we assume square layers 
with 33.53 nm edges, then the resulting cubical NP would have mass of ~52 MDa – in the mass 
range for our NPs.   
This cubical NP would have ~8.7 x 104 fully coordinated C atoms in the exposed top and 
bottom basal planes, and ~9.4 x 104 under-coordinated atoms in the edges of the stacked basal 
planes.  Thus, for idealized graphite NPs with aspect ratios near unity, roughly 50% of the NP 
surface consists of under-coordinated atoms in basal plane edge sites.  This ratio is independent 
of NP size but is strongly affected by the NP shape.  For example, for the same NP thickness and 
basal plane area (i.e., the same mass), if the basal planes are elongated or irregularly shaped such 
that the perimeter/area ratio increases, the fraction of under-coordinated edge sites would also 
increase.  On the other hand, if the NP is thinner, with fewer but larger basal planes (to keep the 
same mass), the fraction of edge sites decreases. 
Consider graphene NPs.  Our graphene NPs feedstock is stated to have 2 to 8 nm thickness, 
i.e., the average thickness is ~5 nm.  A 5.03 nm thick NP would have 15 layers.  If these layers 
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were square, they would need to have a lateral dimension of 86.5 nm to give the same 52 MDa 
mass as the cubical NP discussed above.  In such a particle, there would be ~3.6 x 104 under-
coordinated atoms in the edges of the 15 stacked layers, with ~5.8 x 105 fully coordinated atoms 
exposed in the top and bottom basal planes.  Thus the idealized graphene NP would have only 
~6.3% of its surface atoms in under-coordinated edge sites.  More importantly, the total number 
of under-coordinated edge atoms would be about one third the number in an idealized graphite 
NP with an aspect ratio of 1.0.   
Of course, real graphite and graphene NPs would have additional under-coordinated sites due 
to irregular shapes and to defects in the basal planes.  Nonetheless, we expect that graphene NPs 
should have a significantly smaller fraction of under-coordinated surface atoms than graphite 
NPs, which should result in slower sublimation kinetics.   
Another factor that must be taken into account in comparing the sublimation rates for 
graphite and graphene NPs is that the reported rates for each NP have been normalized to the 
nominal surface area, calculated as the surface area of a spherical particle with the same mass, 
assuming the bulk density.  This sets a lower limit on the surface area, hence giving area-
normalized rates that are upper limits.  For the cubical NP discussed above, the actual surface 
area would be 1.23 times greater than the nominal area, and for the 5 nm graphene NP, the actual 
area would 1.68 times greater than the nominal area.  Roughness or other irregularities would 
further increase the actual surface areas.   
Comparison of integrated intensities and sublimation rates in the three heat ramps: 
Figure S9 plots the 2000 K integrated intensities vs. sublimation rates for all the NP.  
Because of the large NP-to-NP variations, it is difficult to see much correlation, other than a 
general tendency for sublimation rates to decrease in subsequent heat ramps.  
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Figure S9:  Interpolated integrated intensities plotted vs. area-normalized sublimation 
rates, both at 2000 K, for all NPs where more than one temperature ramp was 
completed.  On average, the rates decreased substantially from the 1st to 2nd heat 
ramps, and the NP-to-NP spread in emission brightness increased.  Comparing the 2nd 
and 3rd ramps, the effects on rates and intensities were much smaller, making 
generalizations difficult. 
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Figure 1 Graphene Experiment
Time (sec) M (Mda) Time (sec) Integration n T
0 64.03095 ‐1 1.61E+07 0.88158 1783.647
31 64.01698 32 1.60E+07 0.8435 1794.097
63 64.02718 64 1.60E+07 0.85637 1789.552
95 63.99884 96 1.62E+07 0.86252 1790.65
122 63.98377 128 1.69E+07 0.84647 1793.929
165 63.99905 160 1.75E+07 0.85355 1802.868
192 63.98872 192 1.79E+07 0.83089 1810.943
219 63.97677 224 1.82E+07 0.81364 1816.617
261 63.9404 256 1.83E+07 0.85311 1802.99
289 63.97053 288 1.84E+07 0.8322 1808.295
320 63.93606 321 1.82E+07 0.82052 1813.213
358 63.93691 353 1.77E+07 0.80522 1818.126
379 63.95389 385 1.76E+07 0.81945 1813.529
416 63.8977 417 1.77E+07 0.84643 1803.605
449 63.94471 449 1.79E+07 0.82281 1811.945
475 63.91391 481 1.84E+07 0.78552 1819.799
518 63.90223 513 1.84E+07 0.81008 1813.514
539 63.84826 545 1.98E+07 0.79365 1822.623
572 63.84357 578 2.06E+07 0.77625 1829.492
615 63.84325 610 2.05E+07 0.77441 1827.048
641 63.82505 642 2.04E+07 0.78625 1821.399
668 63.82035 674
706 63.77752 706
743 63.7502 738
770 63.78432 770
802 63.72711 802
835 63.72515 835 2.86E+07 0.69425 1923.923
861 63.66925 867 3.00E+07 0.70444 1921.671
894 63.76052 899 3.03E+07 0.68823 1922.264
935 63.6043 931 2.99E+07 0.65605 1924.964
964 63.558 963 2.97E+07 0.67692 1912.164
996 63.59515 995 2.94E+07 0.6801 1908.744
1026 63.51324 1027 2.95E+07 0.66276 1917.622
1060 63.51948 1059 2.94E+07 0.7035 1901.511
1091 63.49712 1092 2.94E+07 0.68749 1909.779
1123 63.44715 1124 2.95E+07 0.68132 1909.167
1156 63.45754 1156 2.93E+07 0.69803 1902.692
1187 63.39956 1188 2.94E+07 0.65941 1915.53
1220 63.4053 1220 2.95E+07 0.69456 1904.033
1252 63.35105 1252 2.93E+07 0.68373 1906.672
1284 63.3312 1284 2.92E+07 0.6788 1908.297
1317 63.39275 1317 2.92E+07 0.67514 1910.375
1348 63.36893 1349 2.94E+07 0.687 1905.333
1380 63.3074 1381 2.94E+07 0.69241 1904.396
1413 63.29213 1413 2.93E+07 0.6643 1910.369
1445 63.29467 1445 2.95E+07 0.66523 1910.597
1476 63.25211 1477 2.95E+07 0.68842 1904.525
1504 63.24926 1509
1546 63.2294 1541
1573 63.2148 1573
1605 63.21553 1605
1631 63.17339 1637
1674 63.07437 1670
1697 63.07411 1702
1738 62.9803 1734
1766 1766
1795 1798
1828 62.78631 1830 4.19E+07 0.54787 2003.595
1867 62.68979 1862 4.22E+07 0.52985 2008.22
1889 62.66752 1894 4.29E+07 0.52552 2010.825
1931 62.60146 1926 4.30E+07 0.51438 2013.813
1958 62.58499 1958 4.24E+07 0.53752 2001.343
1989 62.51765 1990 4.26E+07 0.52199 2007.306
2022 62.50095 2022 4.26E+07 0.53514 2001.792
2048 62.44316 2054 4.31E+07 0.5192 2006.838
2092 62.39154 2087 4.31E+07 0.52188 2005.904
2119 62.38311 2119 4.32E+07 0.51223 2007.898
2150 62.345 2151 4.30E+07 0.5287 2001.641
2183 62.31073 2183 4.31E+07 0.51235 2007.955
2214 62.25511 2215 4.30E+07 0.5214 2002.735
2247 62.2345 2247 4.28E+07 0.51925 2002.722
2279 62.25354 2279 4.29E+07 0.50863 2006.732
2305 62.17728 2311 4.41E+07 0.4899 2015.867
2349 62.12605 2344 4.42E+07 0.51639 2004.182
2375 62.08019 2376 4.37E+07 0.50774 2007.355
2408 62.05093 2408 4.41E+07 0.49525 2011.096
2440 62.03061 2440
2471 61.95349 2472
2504 61.87553 2504
2536 61.79144 2536 5.30E+07 0.41298 2101.201
2562 61.70892 2568 5.50E+07 0.38591 2115.308
2605 61.55329 2600 5.43E+07 0.39441 2106.902
2633 61.45257 2632 5.38E+07 0.40669 2098.571
2659 61.38159 2665 5.46E+07 0.39509 2103.501
2701 61.25246 2697 5.47E+07 0.38933 2104.122
2729 61.18941 2729 5.40E+07 0.40787 2095.046
2760 61.10189 2761 5.40E+07 0.40131 2097.423
2793 61.02709 2793 5.46E+07 0.38495 2106.652
2825 2825
2856 2857
2892 60.78997 2889 5.48E+07 0.38462 2102.089
2923 60.74515 2921 5.49E+07 0.37024 2105.818
2953 60.65148 2953 5.43E+07 0.38442 2098.844
2985 60.55817 2986 5.45E+07 0.3884 2098.322
3018 60.53887 3018 5.40E+07 0.39487 2093.799
3049 60.45837 3050 5.39E+07 0.39026 2093.171
3082 60.39976 3082 5.45E+07 0.39277 2092.884
3114 60.33373 3114 5.37E+07 0.39223 2091.472
3146 60.26894 3146 5.41E+07 0.39125 2092.288
3178 3178
3209 3210
3245 60.0586 3242
3270 60.01174 3274 4.59E+07 0.45265 2010.921
3312 60.00127 3306 4.63E+07 0.4525 2009.783
3338 60.01456 3338 4.62E+07 0.46343 2005.49
3370 59.97458 3371 4.57E+07 0.46809 2003.355
3402 59.95672 3403 4.57E+07 0.45973 2005.307
3434 59.94235 3435 4.60E+07 0.48711 1996.933
3466 59.9044 3467 4.59E+07 0.46438 2004.303
3499 59.90518 3499 4.60E+07 0.46799 2002.625
3531 59.9186 3531 4.54E+07 0.47129 1999.825
3563 59.90563 3563 4.57E+07 0.46367 2002.595
3595 59.87819 3595 4.57E+07 0.47808 1996.804
3627 59.84872 3627 4.55E+07 0.47423 1998.048
3659 59.82662 3659 4.48E+07 0.48404 1992.833
3692 59.84193 3692 4.54E+07 0.46827 1999.231
3723 59.81958 3724 4.54E+07 0.46928 1999.28
3755 59.80091 3756 4.52E+07 0.48582 1991.874
3788 59.84651 3788 4.49E+07 0.4879 1991.838
3818 59.77022 3820 4.53E+07 0.47418 1996.657
3852 59.78083 3852 4.59E+07 0.45681 2005.406
3884 59.75885 3884 4.55E+07 0.46282 2002.648
3916 3916
3948 59.74964 3948 3.73E+07 0.56761 1907.056
3980 59.73987 3981 3.75E+07 0.57815 1903.39
4013 59.73569 4013 3.74E+07 0.56368 1909.655
4044 59.72923 4045 3.69E+07 0.56356 1908.345
4077 59.72244 4077 3.65E+07 0.60425 1889.85
4109 59.73472 4109 3.74E+07 0.55182 1911.949
4140 59.71927 4141 3.64E+07 0.56541 1901.842
4173 59.7182 4173 3.62E+07 0.5917 1891.045
4205 59.72163 4205 3.63E+07 0.59032 1893.58
4237 59.72067 4237 3.65E+07 0.59193 1893.388
4269 59.73438 4269 3.63E+07 0.59651 1892.068
4301 59.72008 4302 3.67E+07 0.6057 1888.893
4333 59.71497 4334 3.62E+07 0.57547 1897.527
4365 59.70106 4366 3.69E+07 0.59625 1894.125
4398 59.72507 4398 3.72E+07 0.56015 1907.388
4429 59.68347 4430 3.68E+07 0.59166 1894.545
4462 59.72222 4462 3.66E+07 0.58933 1896.268
4493 59.68614 4494 3.67E+07 0.58494 1896.295
4526 59.69527 4526 3.66E+07 0.57185 1901.683
4558 59.66192 4558
4591 59.68379 4591
4622 59.655 4623
4655 59.68696 4655
4686 59.68667 4687
4725 4719
4750 59.67103 4751 2.87E+07 0.69961 1794.504
4789 59.68508 4783 2.84E+07 0.70201 1792.185
4814 59.65858 4815 2.84E+07 0.69048 1795.926
4847 59.69945 4847 2.85E+07 0.73012 1783.513
4878 59.66195 4879 2.84E+07 0.71549 1787.72
4912 59.68198 4911 2.82E+07 0.68026 1796.793
4943 59.66885 4944 2.83E+07 0.675 1799.189
4975 59.67679 4976 2.84E+07 0.69116 1793.871
5007 59.64229 5008 2.83E+07 0.68861 1793.439
5040 59.63728 5040 2.81E+07 0.69764 1790.344
5072 59.67505 5072 2.82E+07 0.68438 1795.722
5103 59.64604 5104 2.80E+07 0.67787 1797.068
5136 59.66615 5136 2.80E+07 0.69506 1791.113
5168 59.67583 5168 2.80E+07 0.72722 1781.593
5200 59.68072 5200 2.78E+07 0.69662 1790.504
5232 59.6773 5233 2.78E+07 0.7365 1777.023
5264 59.68709 5265 2.80E+07 0.6937 1791.68
5296 59.66811 5297 2.82E+07 0.71133 1787.044
5329 59.65836 5329 2.81E+07 0.67897 1797.416
5361 59.65762 5361 2.82E+07 0.68329 1795.588
5393 59.67842 5393 2.80E+07 0.71403 1786.638
5425 59.68 5425 2.84E+07 0.70724 1789.203
5457 59.6562 5457 2.83E+07 0.70416 1790.2
5489 59.6403 5489 2.82E+07 0.66839 1799.962
5522 59.66641 5521 2.83E+07 0.71855 1786.046
5551 5554
5585 59.66074 5586 3.53E+07 0.58422 1885.461
5615 59.67859 5618 3.50E+07 0.59688 1879.409
5649 59.63097 5650 3.48E+07 0.62429 1870.146
5682 59.64157 5682 3.50E+07 0.586 1883.98
5714 59.66973 5714 3.55E+07 0.59168 1885.611
5745 59.63879 5746 3.54E+07 0.63109 1871.348
5778 59.63917 5778 3.61E+07 0.59972 1885.654
5810 59.63588 5810 3.63E+07 0.58294 1895.606
5842 59.61007 5842 3.67E+07 0.58536 1894.386
5875 59.63893 5875 3.67E+07 0.59325 1892.308
5906 59.5848 5907 3.74E+07 0.59429 1897.099
5939 59.60672 5939 3.73E+07 0.5716 1905.788
5971 59.60679 5971 3.73E+07 0.56719 1907.95
6003 59.60473 6003 3.75E+07 0.56147 1909.983
6035 59.60809 6035 3.71E+07 0.59222 1898.253
6067 59.60754 6067 3.73E+07 0.57618 1904.393
6099 59.604 6099 3.77E+07 0.55735 1910.919
6131 59.60594 6132 3.78E+07 0.55157 1913.136
6163 59.59731 6164 3.76E+07 0.58265 1900.734
6196 59.60313 6196 3.74E+07 0.57871 1902.911
6227 59.57467 6228 3.74E+07 0.57149 1904.502
6260 59.58173 6260 3.75E+07 0.56393 1908.045
6292 59.57874 6292 3.73E+07 0.56732 1906.53
6324 59.5762 6324 3.78E+07 0.55085 1914.555
6356 59.57442 6356 3.72E+07 0.57342 1903.548
6388 59.5715 6388 3.71E+07 0.56439 1904.937
6420 59.5627 6421
6452 59.55663 6453
6484 59.55287 6485
6516 59.55459 6517 4.44E+07 0.4884 1985.364
6548 59.54266 6549 4.46E+07 0.45909 1997.161
6581 59.53505 6581 4.46E+07 0.48623 1986.069
6613 59.51345 6613 4.48E+07 0.48123 1988.061
6645 59.51523 6645 4.49E+07 0.4832 1989.386
6677 59.51199 6677 4.47E+07 0.49707 1983.307
6709 59.51669 6709 4.49E+07 0.49485 1984.976
6741 59.48614 6742 4.56E+07 0.47826 1993.052
6773 59.46047 6774 4.57E+07 0.47941 1993.815
6806 59.47832 6806 4.57E+07 0.47611 1994.208
6838 59.48351 6838 4.52E+07 0.47159 1993.666
6869 59.43204 6870 4.51E+07 0.49097 1986.463
6902 59.41359 6902 4.52E+07 0.46843 1996
6934 59.40436 6934 4.51E+07 0.48292 1989.144
6966 59.40264 6966 4.56E+07 0.46319 2000.093
6998 59.39271 6999 4.53E+07 0.47871 1992.64
7030 59.39619 7031 4.59E+07 0.4634 1999.732
7062 59.37447 7063 4.55E+07 0.48358 1991.598
7094 59.33555 7095 4.55E+07 0.47681 1992.157
7127 59.30594 7127 4.57E+07 0.46619 1998.027
7159 59.33103 7159 4.58E+07 0.46474 1998.927
7190 59.28857 7191
7223 7223
7248 7255
7285 59.03108 7287
7324 58.93498 7319
7352 58.89805 7351 5.70E+07 0.36573 2099.096
7383 58.87045 7384 5.69E+07 0.35351 2101.71
7415 58.80675 7416 5.67E+07 0.35724 2099.6
7448 58.7753 7448 5.72E+07 0.33614 2109.519
7479 58.70892 7480 5.64E+07 0.36347 2096.2
7512 58.671 7512 5.59E+07 0.35901 2095.173
7544 58.64068 7544 5.72E+07 0.36778 2093.829
7575 58.5758 7576 5.62E+07 0.34666 2101.578
7608 58.54636 7608 5.64E+07 0.36313 2093.896
7640 58.48357 7640 5.64E+07 0.35446 2096.786
7672 58.42762 7672 5.67E+07 0.35844 2097.293
7704 58.3899 7705 5.60E+07 0.35475 2097.352
7737 58.37112 7737 5.66E+07 0.35736 2096.432
7768 58.33925 7769 5.60E+07 0.36993 2089.825
7800 58.29131 7801 5.70E+07 0.35606 2096.706
7833 58.23771 7833 5.68E+07 0.3513 2098.118
7865 58.21165 7865 5.62E+07 0.36328 2091.535
7896 58.16551 7898 5.69E+07 0.35356 2098.134
Figure 2A Figure 2B Figure 2C 1st Ramp: UP 2nd Ramp: Down 3rd Ramp: Up
T avg Iavg/Mi T avg n 1000/T Fit data Exp Data 1000/T Fit data Exp data 1000/T Fit data Exp Data
1808.947 0.28177 1808.947 0.8245 0.55281 ‐5.5152 ‐5.51999 0.47622 ‐3.53839 ‐3.40E+00 0.55823 ‐8.46645 ‐8.61109
1911.173 0.46236 1911.173 0.682 0.52324 ‐4.71678 ‐4.66442 0.4998 ‐5.02902 ‐5.16E+00 0.52699 ‐6.70072 ‐6.47127
2006.727 0.68556 2006.727 0.51922 0.49832 ‐4.04401 ‐4.13881 0.52662 ‐6.7245 ‐6.85E+00 0.50199 ‐5.28795 ‐5.27756
2099.856 0.87808 2099.856 0.39264 0.47622 ‐3.44725 ‐3.40003 0.55823 ‐8.72262 ‐8.61E+00 0.47679 ‐3.86389 ‐3.9591
2000.788 0.7601 2000.788 0.46961
1898.889 0.6152 1898.889 0.58107
1791.371 0.47266 1791.371 0.69871
1897.584 0.61588 1897.584 0.58077
1992.088 0.75949 1992.088 0.47783
2097.377 0.96054 2097.377 0.35732
Figure 3
Time (sec) M(Mda) Time (sec) Integration n T
64 82.8823 1 6.33E+07 0.68703 1904.586
97 82.8405 33 6.86E+07 0.67902 1923.848
129 82.8185 65 6.87E+07 0.67095 1928.852
158 82.9673 97 6.34E+07 0.6715 1908.618
191 82.6584 129 6.34E+07 0.71542 1894.623
231 82.6561 161 6.98E+07 0.71903 1917.587
257 82.5882 193 6.76E+07 0.6652 1922.113
290 82.5934 226 6.67E+07 0.654 1923.515
321 82.5495 258 7.29E+07 0.65078 1945.863
354 82.5322 290 6.94E+07 0.71493 1914.812
386 82.5011 322 6.56E+07 0.71483 1899.784
418 82.4649 354 6.97E+07 0.65535 1931.729
451 82.4772 386 6.81E+07 0.65388 1927.426
482 82.4407 419 6.68E+07 0.71185 1904.793
515 82.4088 451 6.48E+07 0.72467 1893.694
547 82.418 483 6.26E+07 0.72672 1887.051
579 515 6.34E+07 0.66043 1907.139
611 82.3883 547 6.25E+07 0.66073 1904.983
643 82.3626 579 6.28E+07 0.73172 1886.124
675 82.3364 611 6.47E+07 0.66581 1911.201
708 82.3291 644 6.48E+07 0.66753 1910.86
740 82.3168 676 6.44E+07 0.71111 1898.964
772 82.3225 708 6.33E+07 0.65301 1909.458
804 82.2838 740 6.11E+07 0.67042 1895.042
832 82.2547 772 5.95E+07 0.65984 1892.873
873 82.2213 804 5.95E+07 0.706 1878.666
901 82.2122 837 6.34E+07 0.71408 1892.13
933 82.1727 869 6.65E+07 0.64664 1922.345
965 82.1757 901 6.75E+07 0.64774 1924.127
997 82.1694 933 6.74E+07 0.64111 1927.112
1025 82.1222 966 6.68E+07 0.64383 1923.196
1066 82.0847 998 6.59E+07 0.64348 1919.625
1094 82.0944 1030 6.41E+07 0.67679 1902.118
1126 82.0707 1062 6.28E+07 0.68312 1895.048
1158 82.0547 1094 6.14E+07 0.69055 1889.587
1190 82.0502 1126 6.03E+07 0.67162 1889.543
1223 82.0453 1159 5.94E+07 0.70677 1875.417
1255 82.0343 1191 5.94E+07 0.72006 1872.352
1287 82.009 1223 6.01E+07 0.72914 1872.922
1319 81.9769 1255 6.02E+07 0.70112 1878.561
1352 1287 6.03E+07 0.74103 1869.484
1383 81.9947 1319 6.11E+07 0.68364 1888.676
1416 81.9673 1352 6.14E+07 0.67925 1891.845
1448 81.9401 1384 6.11E+07 0.74218 1873.532
1480 81.9469 1416 6.08E+07 0.74491 1868.602
1512 81.9406 1448 6.04E+07 0.70661 1877.004
1544 81.9269 1480 6.02E+07 0.74688 1867.181
1576 81.9348 1512 6.17E+07 0.68777 1888.48
1608 81.9214 1544 6.20E+07 0.68939 1888.909
1641 1576 6.20E+07 0.75087 1870.213
1674 81.9326 1609 6.19E+07 0.69596 1887.163
1705 81.8917 1641 6.34E+07 0.68807 1894.648
1738 81.8722 1673 6.37E+07 0.73753 1883.056
1770 81.838 1706 6.32E+07 0.68166 1896.049
1802 81.8163 1738 6.26E+07 0.68041 1893.58
1834 81.7986 1770 6.33E+07 0.66725 1901.551
1866 81.7857 1802 6.31E+07 0.72553 1884.957
1899 81.8105 1834 6.32E+07 0.67392 1898.823
1930 81.7708 1867 6.30E+07 0.72004 1883.658
1963 81.7039 1899 6.31E+07 0.65974 1901.733
1995 81.715 1931 6.37E+07 0.65483 1905.659
2027 81.7356 1963 6.45E+07 0.65247 1910.048
2059 81.6769 1995 6.66E+07 0.64161 1920.657
2092 81.6794 2027 6.82E+07 0.69903 1908.721
2123 81.6571 2059 7.04E+07 0.62846 1939.275
2156 81.6363 2092 7.19E+07 0.68804 1926.016
2188 81.6353 2124 7.29E+07 0.62883 1946.507
2220 81.6041 2156 7.31E+07 0.62433 1948.487
2252 81.5797 2188 7.31E+07 0.62105 1948.738
2284 81.5837 2220 7.28E+07 0.67005 1933.443
2316 81.5341 2252 7.28E+07 0.61541 1950.508
2349 81.5294 2284 7.25E+07 0.66353 1935.682
2381 81.5116 2317 7.16E+07 0.67082 1929.671
2413 81.4963 2349 7.06E+07 0.68058 1921.99
2445 81.4868 2381 6.92E+07 0.69308 1916.557
2477 81.4739 2413 6.84E+07 0.64393 1925.223
2509 81.4286 2445 6.68E+07 0.70391 1901.773
2541 81.4159 2477 6.55E+07 0.71239 1894.375
2573 81.4208 2509 6.41E+07 0.72112 1886.404
2605 81.4236 2541 6.35E+07 0.67864 1896.321
2638 81.4438 2574 6.29E+07 0.7266 1880.269
2669 81.3981 2606 6.15E+07 0.69894 1884.061
2702 81.4017 2638 6.06E+07 0.74291 1868.221
2734 81.407 2670 6.15E+07 0.74932 1870.443
2766 81.3782 2702 6.53E+07 0.68332 1903.434
2799 81.3613 2734 6.75E+07 0.68421 1910.869
2831 81.3435 2767 6.82E+07 0.67615 1915.464
2863 81.3524 2799 6.87E+07 0.67183 1918.127
2895 81.3495 2831 6.83E+07 0.65832 1921.248
2927 81.3342 2863 6.75E+07 0.7085 1905.309
2959 81.2954 2895 6.60E+07 0.71379 1895.843
2991 81.2712 2927 6.55E+07 0.65642 1911.311
3023 81.2976 2959 6.53E+07 0.64768 1914.093
3055 81.2815 2992 6.47E+07 0.66612 1905.287
3088 81.2828 3024 6.47E+07 0.66394 1905.604
3120 81.2337 3056 6.40E+07 0.66095 1903.886
3152 81.2532 3088 6.36E+07 0.64771 1907.3
3184 81.234 3120 6.31E+07 0.69014 1892.165
3216 81.2452 3152 6.24E+07 0.69906 1889.319
3248 81.2262 3185 6.22E+07 0.70598 1885.875
3281 81.1981 3217 6.18E+07 0.71481 1883.867
3313 81.2054 3249 6.29E+07 0.66868 1899.109
3345 81.1619 3281 6.48E+07 0.73052 1888.301
3377 81.1805 3313 6.48E+07 0.66862 1905.819
3409 81.1642 3345 6.40E+07 0.66528 1903.436
3441 81.1304 3377 6.36E+07 0.72406 1886.698
3474 81.1382 3409 6.25E+07 0.66977 1896.451
3505 81.1148 3442 6.18E+07 0.67127 1893.564
3538 3474 6.13E+07 0.66984 1891.534
3570 81.1197 3506 6.04E+07 0.71405 1876.218
3602 81.1102 3538 5.93E+07 0.68294 1880.473
3634 81.0595 3570 5.84E+07 0.71565 1868.244
3667 81.0784 3602 5.73E+07 0.69142 1869.538
3698 81.0857 3634 5.73E+07 0.66596 1878.635
3730 81.0608 3667 6.26E+07 0.6593 1900.945
3763 81.0384 3699 7.01E+07 0.65372 1927.455
3795 81.0092 3731 7.36E+07 0.71107 1926.021
3827 80.9995 3763 7.60E+07 0.71011 1932.17
3854 80.9339 3795 7.63E+07 0.64603 1952.199
3896 80.8816 3827 7.56E+07 0.64225 1949.467
3924 80.8849 3859 7.41E+07 0.63901 1943.986
3955 80.8777 3892 7.15E+07 0.63621 1937.941
3987 80.854 3924 6.94E+07 0.68746 1915.703
4020 80.8463 3956 6.61E+07 0.64309 1916.182
4052 80.8456 3988 6.40E+07 0.68208 1896.752
4084 80.8248 4020 6.91E+07 0.63536 1928.984
4116 80.7899 4052 7.20E+07 0.624 1942.102
4148 80.7895 4084 7.24E+07 0.68712 1926.075
4180 80.7811 4116 7.10E+07 0.62161 1940.858
4212 80.7678 4149 7.02E+07 0.68254 1920.768
4245 80.7743 4181 6.96E+07 0.68263 1918.609
4277 80.7387 4213 6.91E+07 0.6266 1932.059
4309 80.7424 4245 6.76E+07 0.63487 1923.804
4341 80.7173 4277 6.67E+07 0.68213 1907.906
4373 80.7098 4309 6.59E+07 0.69484 1899.894
4405 4341 6.53E+07 0.69743 1896.737
4438 80.714 4374 6.39E+07 0.70053 1893.333
4469 80.6881 4406 6.31E+07 0.64786 1905.57
4502 80.6719 4438 6.24E+07 0.65687 1898.866
4534 80.6683 4470 6.46E+07 0.66913 1902.803
4566 80.6642 4502 6.48E+07 0.70808 1894.659
4598 80.6371 4534 6.40E+07 0.64726 1907.949
4630 80.6351 4566 6.34E+07 0.65967 1901.877
4662 80.6312 4598 6.23E+07 0.70161 1887.212
4694 80.5994 4631 6.17E+07 0.64894 1898.989
4727 80.5973 4663 6.17E+07 0.64616 1899.852
4759 80.6115 4695 6.50E+07 0.62769 1917.413
4791 80.5855 4727 6.84E+07 0.68965 1913.684
4823 80.5452 4759 7.07E+07 0.69595 1919.449
4855 80.5196 4791 7.24E+07 0.6286 1943.857
4887 80.4921 4823 7.28E+07 0.69049 1928.53
4919 80.4636 4855 7.36E+07 0.63315 1945.988
4951 80.454 4888 7.32E+07 0.63419 1944.71
4984 4920 7.27E+07 0.6256 1945.095
5012 4952 7.27E+07 0.67453 1929.252
5049 80.393 4984 7.24E+07 0.68417 1925.313
5081 80.381 5016 7.42E+07 0.61876 1949.848
5112 80.3444 5048 7.10E+07 0.67982 1923.732
5144 80.3418 5080 7.11E+07 0.63347 1936.46
5176 80.3161 5113 7.01E+07 0.69106 1917.408
5209 80.3232 5145 6.88E+07 0.69453 1909.701
5240 80.2979 5177 6.77E+07 0.69671 1907.272
5273 80.3096 5209 6.81E+07 0.65424 1919.047
5305 80.3022 5241 6.87E+07 0.7077 1905.021
5337 80.2827 5273 6.80E+07 0.66124 1917.053
5369 80.2705 5305 6.81E+07 0.66102 1916.656
5401 80.2633 5337 6.82E+07 0.64237 1923.961
5433 5369 6.77E+07 0.69858 1906.713
5466 80.2634 5402 6.70E+07 0.70789 1897.66
5497 80.2872 5434 6.66E+07 0.70793 1897.093
5529 80.2081 5466 6.70E+07 0.65954 1913.485
5562 80.2255 5498 6.59E+07 0.66142 1909.457
5594 80.1955 5530 6.56E+07 0.72143 1891.896
5626 5562 6.63E+07 0.65706 1912.677
5658 80.1948 5594 6.64E+07 0.71555 1893.831
5690 80.1646 5626 6.50E+07 0.66718 1904.537
5723 80.1884 5658 6.53E+07 0.71875 1889.564
5754 80.1626 5691 6.33E+07 0.68644 1891.056
5787 80.1678 5723 6.37E+07 0.67016 1898.592
5819 80.1561 5755 6.58E+07 0.7262 1891.446
5851 80.1572 5787 6.57E+07 0.67201 1905.448
5883 80.1283 5819 6.56E+07 0.67649 1903.066
5916 80.1602 5851 6.58E+07 0.72057 1891.136
5947 80.1086 5883 6.55E+07 0.72774 1888.406
5980 80.128 5915 6.54E+07 0.68064 1900.328
6011 80.0923 5948 6.60E+07 0.73026 1889.218
6043 80.0627 5980 6.68E+07 0.67178 1909.012
6076 80.0618 6012 6.67E+07 0.74151 1889.722
6108 80.0493 6044 6.72E+07 0.67487 1909.461
6136 6076 6.81E+07 0.7348 1897.439
6176 80.0175 6108 6.67E+07 0.67577 1908.762
6204 80.0021 6140 6.76E+07 0.73473 1894.907
6236 79.989 6172 6.71E+07 0.74795 1888.271
6268 80.0035 6204 6.63E+07 0.68155 1902.978
6300 79.9742 6237 6.77E+07 0.67921 1910.086
6333 79.9677 6269 6.73E+07 0.67491 1909.23
6365 79.9553 6301 6.64E+07 0.69028 1900.891
6397 79.9371 6333 6.63E+07 0.67615 1905.273
6429 79.9562 6365 6.65E+07 0.66088 1910.662
6461 79.8994 6397 6.57E+07 0.7101 1894.615
6494 79.909 6429 6.46E+07 0.71659 1889.6
6526 79.9291 6462 6.26E+07 0.72534 1876.838
6557 79.8916 6494 6.26E+07 0.7327 1877.918
6590 79.8938 6526 6.33E+07 0.68229 1893.029
6622 79.9043 6558 6.43E+07 0.74908 1878.197
6654 79.8852 6590 6.55E+07 0.75726 1879.269
6686 6622 6.68E+07 0.69485 1900.119
6718 79.8853 6654 6.82E+07 0.68707 1908.297
6751 79.8783 6687 6.92E+07 0.6784 1914.355
6782 79.8506 6719 7.05E+07 0.67766 1919.321
6815 79.8417 6751 7.02E+07 0.734 1904.302
6847 79.8207 6783 6.83E+07 0.65968 1918.057
6879 79.8185 6815 6.48E+07 0.72173 1888.279
6911 79.8009 6847 6.61E+07 0.72901 1890.4
6943 79.7965 6879 6.90E+07 0.6692 1917.253
6975 79.7736 6911 7.21E+07 0.73786 1908.035
7008 79.7645 6944 7.37E+07 0.66832 1933.633
7039 79.7547 6976 7.50E+07 0.66996 1937.078
7072 79.7651 7008 7.24E+07 0.72962 1911.589
7104 79.7403 7040 6.63E+07 0.66024 1910.836
7136 79.7264 7072 6.06E+07 0.72786 1870.443
7168 79.7202 7104 6.32E+07 0.67706 1892.944
7200 79.6907 7136 6.66E+07 0.6583 1912.344
7232 79.6628 7168 6.91E+07 0.65608 1921.513
7265 79.686 7200 7.04E+07 0.64211 1929.92
7296 79.649 7232 6.94E+07 0.63867 1927.045
7329 79.6471 7265 6.56E+07 0.68717 1901.513
7361 7297 5.98E+07 0.68929 1876.848
7392 79.6576 7329 5.93E+07 0.6958 1871.978
7425 79.6644 7361 6.10E+07 0.70414 1875.873
7457 79.6502 7393 6.26E+07 0.67936 1889.235
7489 79.6411 7425 6.42E+07 0.68315 1895.63
7521 79.6433 7457 6.48E+07 0.72486 1886.464
7553 79.6291 7489 6.30E+07 0.73233 1877.923
7586 79.6235 7522 6.04E+07 0.70008 1876.485
7618 79.6147 7554 6.22E+07 0.67573 1891.224
7650 79.6238 7586 6.38E+07 0.69361 1889.84
7682 7618 6.55E+07 0.67623 1902.086
7714 79.6023 7650 6.66E+07 0.73038 1891.753
7746 79.6069 7682 6.84E+07 0.66044 1917.541
7778 79.595 7714 7.02E+07 0.65291 1925.974
7810 79.5533 7746 7.17E+07 0.71685 1913.214
7843 79.565 7779 7.19E+07 0.65299 1930.752
7875 79.554 7811 7.10E+07 0.71685 1912.299
7907 79.5304 7843 6.74E+07 0.71401 1898.023
7939 79.5316 7875 6.28E+07 0.67791 1892.312
7971 79.5268 7907 5.83E+07 0.73051 1861.067
8003 79.4988 7939 5.41E+07 0.73338 1840.602
8035 79.5073 7971 5.58E+07 0.71029 1854.576
8067 79.5128 8003 5.85E+07 0.70684 1865.854
8099 79.4776 8036 6.02E+07 0.69374 1876.617
8132 79.4951 8068 6.17E+07 0.7507 1867.361
8164 79.5144 8100 6.26E+07 0.70555 1881.455
8196 79.4831 8132 6.44E+07 0.74909 1878.387
8228 79.4988 8164 6.40E+07 0.75724 1873.704
8260 79.4674 8196 6.22E+07 0.76783 1863.958
8292 79.4839 8228 5.96E+07 0.70878 1870.811
8324 79.4838 8260 6.18E+07 0.70081 1882.328
8356 79.4727 8293 6.13E+07 0.69991 1881.311
8389 79.4813 8325 5.84E+07 0.76326 1851.692
8420 79.4267 8357 5.75E+07 0.69846 1865.656
8453 79.4707 8389 5.83E+07 0.71771 1863.867
8484 79.4136 8421 5.98E+07 0.71287 1870.735
8517 79.4285 8453 6.05E+07 0.68252 1882.633
8549 79.4317 8485 6.13E+07 0.75071 1866.972
8581 79.3909 8517 6.22E+07 0.68922 1886.187
8614 79.4106 8550 6.21E+07 0.74614 1870.542
8645 79.402 8582 6.18E+07 0.75211 1867.884
8678 79.4088 8614 6.11E+07 0.69865 1879.195
8710 79.4009 8646 6.01E+07 0.691 1877.789
8742 79.3545 8678 5.77E+07 0.70074 1864.942
8774 79.345 8710 5.72E+07 0.72472 1856.328
8806 79.3675 8742 6.04E+07 0.68403 1882.273
8838 79.3568 8774 6.16E+07 0.73482 1871.516
8870 79.3473 8806 6.31E+07 0.67171 1895.225
8902 79.3495 8839 6.37E+07 0.73837 1878.637
8934 79.349 8871 6.50E+07 0.67519 1899.948
8967 8903 6.59E+07 0.73587 1888.303
8999 79.3264 8935 6.75E+07 0.67563 1910.384
9031 79.2836 8967 6.91E+07 0.73432 1899.916
9063 79.3023 8999 7.05E+07 0.67628 1919.882
9095 79.2863 9031 7.14E+07 0.66448 1927.743
9127 79.2555 9063 7.14E+07 0.66245 1926.959
9159 79.2714 9095 7.11E+07 0.71677 1912.089
9191 79.2719 9128 7.05E+07 0.7254 1905.668
9223 79.231 9160 6.96E+07 0.65462 1924.148
9256 79.246 9192 6.54E+07 0.71898 1891.228
9288 79.229 9224 6.40E+07 0.73043 1880.128
9320 79.2077 9256 6.44E+07 0.7447 1880.964
9352 79.1708 9288 6.50E+07 0.69807 1892.48
9384 79.1867 9320 6.45E+07 0.68019 1898.269
9416 79.1655 9352 6.35E+07 0.7502 1875.02
9449 79.1659 9385 6.29E+07 0.68468 1889.452
9481 79.1754 9417 6.37E+07 0.67599 1895.819
9513 79.175 9449 6.40E+07 0.67018 1897.636
9545 79.1585 9481 6.41E+07 0.67267 1898.061
9577 79.157 9513 6.44E+07 0.72528 1886.382
9609 79.1334 9545 6.48E+07 0.72005 1887.127
9641 79.1342 9577 6.51E+07 0.72747 1887.163
9673 79.1324 9610 6.57E+07 0.6733 1903.604
9706 79.1354 9642 6.57E+07 0.66857 1905.881
9738 79.1158 9674 6.59E+07 0.73808 1886.753
9770 79.1163 9706 6.62E+07 0.74077 1886.798
9802 79.1076 9738 6.63E+07 0.74512 1885.996
9834 9770 6.60E+07 0.67751 1904.054
9867 79.1267 9802 6.48E+07 0.67831 1899.841
9898 79.109 9834 6.46E+07 0.68016 1897.809
9930 79.0817 9866 6.48E+07 0.67006 1901.565
9962 79.0589 9899 6.56E+07 0.72474 1887.277
9995 79.0624 9931 6.65E+07 0.72046 1893.168
10027 79.0574 9963 6.66E+07 0.66001 1910.4
10059 79.0462 9995 6.63E+07 0.72564 1892.13
10091 79.0255 10027 6.63E+07 0.66517 1908.451
10123 79.0027 10059 6.54E+07 0.73417 1887.458
10156 79.0412 10091 6.64E+07 0.73615 1889.924
10187 79.0121 10124 6.66E+07 0.66902 1908.213
10220 79.0196 10156 6.61E+07 0.67073 1905.755
10252 79.0076 10188 6.67E+07 0.7298 1892.021
10284 79.0111 10220 6.58E+07 0.67257 1903.575
10316 78.9751 10252 6.49E+07 0.67726 1898.853
10348 79.0145 10284 6.44E+07 0.71807 1885.881
10380 78.9709 10316 6.38E+07 0.72837 1880.281
10412 78.952 10348 6.40E+07 0.66995 1899.021
10445 78.993 10380 6.52E+07 0.72791 1888.34
10476 78.9897 10413 6.40E+07 0.6691 1899.38
10508 78.9476 10445 6.39E+07 0.67786 1896.3
10541 78.933 10477 6.41E+07 0.72937 1883.103
10573 78.9515 10509 6.42E+07 0.72958 1883.199
10605 78.9511 10541 6.41E+07 0.7421 1879.809
10637 78.9666 10573 6.46E+07 0.67412 1900.026
10669 78.9439 10605 6.48E+07 0.67508 1900.284
10701 78.9142 10637 6.44E+07 0.67455 1898.71
10733 78.9288 10669 6.47E+07 0.67593 1898.708
10765 78.9228 10701 6.57E+07 0.72277 1888.806
10797 78.9317 10734 6.65E+07 0.66337 1909.09
10829 78.8895 10766 6.70E+07 0.64876 1916.034
10862 78.8997 10798 6.69E+07 0.65717 1912.504
10894 78.8932 10830 6.72E+07 0.64869 1916.592
10926 78.8615 10862 6.71E+07 0.64992 1915.776
10958 78.8617 10894 6.68E+07 0.64636 1916.752
10990 78.8739 10926 6.67E+07 0.68269 1904.363
11022 78.8611 10958 6.61E+07 0.68981 1902.617
11054 78.87 10991 6.58E+07 0.69667 1897.106
11086 78.8262 11023 6.46E+07 0.70674 1891.875
11119 78.8489 11055 6.53E+07 0.67051 1903.565
11150 78.8121 11087 6.77E+07 0.66544 1912.462
11183 78.8037 11119 7.00E+07 0.72013 1906.172
11215 78.7664 11151 7.02E+07 0.72649 1904.249
11247 78.7759 11183 7.18E+07 0.66297 1927.791
11279 78.7582 11215 7.29E+07 0.72356 1915.32
11311 78.7389 11248 7.30E+07 0.66473 1931.565
11343 78.7227 11280 7.32E+07 0.73456 1911.869
11376 78.7404 11312 7.33E+07 0.73759 1911.478
11408 78.7132 11344 7.30E+07 0.66945 1930.777
11440 78.6639 11376 7.25E+07 0.67068 1928.871
11472 78.6982 11408 7.24E+07 0.66063 1931.602
11504 78.6914 11440 7.16E+07 0.65985 1928.997
11536 78.6284 11472 7.19E+07 0.71362 1914.639
11569 78.6228 11504 7.15E+07 0.70859 1912.591
11600 78.6091 11537 7.10E+07 0.64854 1930.355
11633 78.5863 11569 7.06E+07 0.71216 1909.783
11665 78.6193 11601 7.05E+07 0.65412 1926.189
11696 78.6043 11633 7.00E+07 0.65304 1926.822
11729 78.5966 11665 6.92E+07 0.70905 1905.099
11761 78.5899 11697 6.93E+07 0.64211 1926.194
11793 78.5917 11729 6.87E+07 0.64836 1922.455
11825 78.572 11762 6.86E+07 0.6944 1908.914
11858 11794 6.84E+07 0.64872 1920.636
11889 78.5501 11826 6.74E+07 0.70196 1904.24
11922 78.5485 11858 6.76E+07 0.70047 1903.275
11954 78.5563 11890 6.72E+07 0.653 1914.774
11986 78.5461 11922 6.67E+07 0.71369 1894.466
12018 78.5394 11954 6.61E+07 0.64939 1911.871
12050 78.4948 11986 6.58E+07 0.71789 1890.453
12078 78.4569 12018 6.54E+07 0.6683 1902.466
12119 78.4469 12051 6.46E+07 0.66248 1903.586
12147 78.4767 12083 6.39E+07 0.71647 1884.259
12178 78.4568 12115 6.38E+07 0.71705 1885.695
12211 78.4336 12147 6.39E+07 0.73126 1879.168
12243 78.4312 12179 6.42E+07 0.69069 1891.949
12275 78.4369 12211 6.40E+07 0.68219 1894.13
12307 78.3993 12243 6.33E+07 0.74291 1873.541
12340 78.4114 12275 6.34E+07 0.67718 1893.96
12371 78.4055 12307 6.43E+07 0.6719 1897.464
12404 78.3672 12340 6.48E+07 0.72762 1884.946
12436 78.3644 12372 6.41E+07 0.67649 1896.149
12468 78.3447 12404 6.48E+07 0.73418 1883.217
12500 78.3573 12436 6.50E+07 0.73235 1881.573
12532 78.3385 12468 6.56E+07 0.67309 1901.908
12564 78.3312 12500 6.64E+07 0.67331 1904.437
12596 78.2845 12533 6.67E+07 0.73278 1888.043
12629 78.325 12565 6.76E+07 0.7446 1887.968
12660 78.2881 12597 6.76E+07 0.74679 1887.817
12693 78.2866 12629 6.75E+07 0.74982 1887.053
12725 78.2607 12661 6.86E+07 0.69298 1905.42
12757 78.2251 12693 6.94E+07 0.77006 1886.065
12789 78.249 12725 7.04E+07 0.70381 1909.384
12821 78.1877 12757 7.09E+07 0.69606 1912.497
12854 78.1788 12790 7.19E+07 0.68642 1919.212
12886 78.1593 12822 7.26E+07 0.67437 1926.192
12918 78.1852 12854 7.22E+07 0.67084 1925.593
12950 78.1641 12886 7.20E+07 0.72061 1909.679
12982 78.1124 12918 7.17E+07 0.72414 1909.526
13014 78.1152 12950 7.15E+07 0.73004 1907.37
13046 78.0723 12982 7.09E+07 0.6688 1920.445
13079 78.0813 13015 7.16E+07 0.66774 1924.138
13110 78.0849 13047 7.09E+07 0.73738 1901.542
13142 78.0436 13079 6.99E+07 0.7409 1896.778
13175 78.008 13111 6.85E+07 0.74442 1892.379
13207 13143 6.66E+07 0.74744 1885.338
13239 78.0175 13175 6.31E+07 0.76396 1867.61
13271 78.0007 13207 6.26E+07 0.70948 1880.251
13303 77.984 13239 6.35E+07 0.70418 1884.624
13335 77.9745 13272 6.44E+07 0.6972 1889.898
13367 77.9679 13304 6.32E+07 0.68823 1888.716
13400 77.9522 13336 6.20E+07 0.69025 1882.576
13432 77.9401 13368 6.17E+07 0.68225 1884.913
13464 77.9518 13400 6.23E+07 0.68499 1886.327
13496 77.9158 13432 6.28E+07 0.72301 1878.477
13528 77.873 13464 6.30E+07 0.72844 1876.958
13561 77.9002 13496 6.28E+07 0.73688 1874.6
13592 77.8818 13529 6.10E+07 0.69737 1877.481
13624 77.8802 13561 6.18E+07 0.69139 1882.43
13656 77.86 13593 6.33E+07 0.69198 1887.515
13689 77.8263 13625 6.43E+07 0.68857 1891.927
13721 77.8369 13657 6.60E+07 0.66618 1905.854
13753 77.8124 13689 6.78E+07 0.65274 1916.421
13785 77.8075 13721 6.84E+07 0.64427 1921.047
13817 77.7998 13753 6.90E+07 0.64508 1923.571
13849 77.7985 13785 6.93E+07 0.69234 1909.223
13881 77.7905 13818 6.89E+07 0.69313 1909.471
13913 77.7512 13850 6.90E+07 0.69878 1904.649
13946 77.7329 13882 6.90E+07 0.70845 1904.343
13978 77.7118 13914 6.92E+07 0.65318 1919.978
14010 77.7195 13946 6.90E+07 0.65472 1918.881
14042 77.7045 13978 6.85E+07 0.64835 1919.581
14074 14010 6.78E+07 0.70633 1901.768
14106 77.679 14042 6.63E+07 0.64167 1914.001
14138 77.6615 14075 6.40E+07 0.69389 1889.164
14170 77.6449 14107 6.17E+07 0.70244 1879.827
14203 77.6332 14139 6.17E+07 0.71246 1877.308
14235 77.6427 14171 6.12E+07 0.72593 1869.501
14267 77.6222 14203 6.16E+07 0.68263 1883.515
14299 77.6049 14235 6.20E+07 0.73864 1871.258
14331 77.5936 14267 6.25E+07 0.74804 1869.107
14363 77.5731 14299 6.26E+07 0.68546 1887.965
14395 77.5663 14332 6.26E+07 0.75195 1867.222
14428 77.5413 14364 6.46E+07 0.68528 1894.741
14460 77.5199 14396 6.58E+07 0.68578 1899.169
14492 77.5191 14428 6.68E+07 0.74687 1884.889
14524 77.5278 14460 6.67E+07 0.74662 1884.977
14556 77.5174 14492 6.52E+07 0.68714 1896.226
14588 77.4897 14524 6.63E+07 0.67482 1903.435
14620 77.4863 14557 6.76E+07 0.67283 1909.747
14652 77.4592 14589 6.85E+07 0.67037 1913.298
14685 77.4444 14621 6.94E+07 0.65584 1920.325
14717 77.42 14653 6.94E+07 0.70581 1907.74
14749 77.4168 14685 6.94E+07 0.70973 1903.691
14781 77.3942 14717 6.79E+07 0.71706 1897.06
14813 77.3717 14749 6.69E+07 0.72635 1893.163
14845 77.3802 14781 6.77E+07 0.73811 1890.802
14877 77.372 14814 6.85E+07 0.68344 1909.163
14909 77.3553 14846 6.87E+07 0.67919 1912.206
14942 77.3333 14878 6.84E+07 0.67339 1912.228
14974 77.3183 14910 6.86E+07 0.7351 1894.814
15006 77.3005 14942 6.83E+07 0.73694 1894.114
15038 77.2723 14974 6.94E+07 0.73669 1898.061
15070 77.2806 15006 6.95E+07 0.74788 1895.034
15102 77.2722 15038 7.01E+07 0.6897 1913.431
15134 77.268 15071 7.14E+07 0.6928 1916.172
15166 77.222 15103 7.10E+07 0.68476 1916.683
15199 77.1959 15135 7.10E+07 0.74588 1900.723
15231 77.1644 15167 7.16E+07 0.67659 1923.369
15263 77.1353 15199 7.19E+07 0.66305 1926.057
15295 77.1161 15231 7.22E+07 0.65799 1930.096
15327 77.1301 15263 7.26E+07 0.65137 1933.391
15359 77.0954 15295 7.24E+07 0.71293 1915.287
15391 77.0868 15327 7.19E+07 0.63877 1934.918
15423 77.0646 15360 7.21E+07 0.63189 1936.604
15456 77.0812 15392 7.09E+07 0.63009 1934.048
15487 77.0398 15424 7.08E+07 0.68566 1919.48
15520 77.0348 15456 7.03E+07 0.69286 1912.524
15552 77.0059 15488 6.96E+07 0.68865 1910.692
15584 77.0009 15520 6.97E+07 0.63438 1928.54
15616 76.991 15552 6.98E+07 0.63982 1926.492
15643 76.9746 15584 6.98E+07 0.70169 1907.663
15685 15616 6.97E+07 0.63791 1928.306
15712 76.9415 15648 6.92E+07 0.69351 1907.132
15744 76.9062 15681 6.86E+07 0.63648 1923.52
15777 76.9274 15713 6.80E+07 0.69498 1904.316
15808 76.9008 15745 6.74E+07 0.64724 1915.93
15841 76.8969 15777 6.72E+07 0.69513 1902.189
15873 76.8417 15809 6.72E+07 0.70714 1899.49
15906 15841 6.66E+07 0.71001 1893.368
15937 76.8332 15873 6.60E+07 0.72544 1886.689
15969 76.8474 15906 6.57E+07 0.66214 1905.157
16001 76.833 15938 6.45E+07 0.66497 1899.758
16033 76.8019 15970 6.38E+07 0.72864 1878.257
16066 76.793 16002 6.38E+07 0.66333 1898.722
16098 76.7865 16034 6.52E+07 0.65446 1906.13
16125 76.746 16066 6.58E+07 0.66136 1906.252
16167 76.746 16098 6.67E+07 0.64724 1914.788
16194 76.7578 16130 6.61E+07 0.70456 1893.14
16226 76.7312 16162 6.56E+07 0.6995 1895.033
16259 76.7365 16195 6.58E+07 0.66021 1905.223
16290 76.7121 16227 6.54E+07 0.7083 1889.945
16323 76.7225 16259 6.42E+07 0.71816 1885.892
16354 76.6803 16291 6.41E+07 0.66799 1896.435
16387 76.6811 16323 6.35E+07 0.67891 1890.837
16419 76.6811 16355 6.26E+07 0.72105 1877.342
16451 76.6669 16387 6.27E+07 0.66504 1892.568
16483 76.687 16419 6.21E+07 0.68264 1885.5
16515 76.6676 16452 6.13E+07 0.71728 1871.528
16548 76.6619 16484 6.20E+07 0.72763 1873.406
16580 76.6415 16516 6.18E+07 0.67234 1886.51
16612 76.6556 16548 6.24E+07 0.68444 1884.786
16644 76.6423 16580 6.25E+07 0.73171 1871.909
16676 76.641 16612 6.23E+07 0.74202 1869.308
16708 76.6409 16644 6.27E+07 0.68573 1886.29
16740 76.6034 16676 6.24E+07 0.68377 1886.326
16773 76.5997 16709 6.25E+07 0.68319 1886.138
16805 76.5919 16741 6.21E+07 0.74055 1868.234
16837 76.6057 16773 6.18E+07 0.67463 1886.251
16869 76.5815 16805 6.14E+07 0.72825 1871.087
16901 76.602 16837 6.16E+07 0.73718 1869.211
16933 16869 6.17E+07 0.6849 1882.721
16965 76.5512 16902 6.15E+07 0.74876 1865.357
16998 76.5526 16934 6.16E+07 0.75048 1864.771
17029 76.5303 16966 6.16E+07 0.69342 1880.986
17062 76.5554 16998 6.15E+07 0.70671 1874.973
17094 76.5325 17030 6.18E+07 0.68475 1884.018
17126 76.5148 17062 6.11E+07 0.69117 1878.252
17158 76.5113 17094 6.10E+07 0.74057 1866.23
17190 76.5034 17127 6.13E+07 0.73849 1867.648
17223 76.4834 17159 6.14E+07 0.74796 1864.889
17255 76.4981 17191 6.12E+07 0.69284 1878.886
17287 76.5185 17223 6.17E+07 0.75832 1863.211
17319 76.489 17255 6.12E+07 0.77242 1856.911
17351 76.5101 17287 6.19E+07 0.7049 1878.643
17383 76.4713 17319 6.33E+07 0.69852 1885.806
17415 76.4624 17352 6.25E+07 0.69608 1882.541
17447 76.4671 17384 6.26E+07 0.68975 1885.289
17479 76.4255 17416 6.25E+07 0.74795 1869.695
17512 76.4184 17448 6.46E+07 0.67207 1898.827
17544 76.4065 17480 6.29E+07 0.73591 1873.865
17576 76.4133 17512 6.30E+07 0.68122 1888.51
17608 76.4056 17544 6.28E+07 0.67568 1890.14
17640 76.3661 17576 6.24E+07 0.67975 1887.64
17673 76.3745 17608 6.28E+07 0.72337 1876.44
17704 76.3737 17641 6.17E+07 0.73415 1869.392
17736 76.3366 17673 6.21E+07 0.68821 1884.474
17769 76.353 17705 6.20E+07 0.73524 1871.271
17800 76.3185 17737 6.23E+07 0.68814 1884.918
17833 76.306 17769 6.18E+07 0.68167 1885.051
17865 76.3095 17801 6.13E+07 0.69172 1879.395
17897 76.2728 17833 6.14E+07 0.67972 1883.928
17929 76.2779 17865 6.13E+07 0.68797 1881.246
17961 76.2983 17897 6.12E+07 0.72014 1871.359
17993 76.2706 17929 6.19E+07 0.72686 1874.217
18026 76.27 17962 6.19E+07 0.73634 1871.225
18057 76.2428 17994 6.25E+07 0.74571 1870.903
18090 76.2686 18026 6.19E+07 0.69165 1881.951
18122 76.2477 18058 6.27E+07 0.68793 1888.178
18154 76.2394 18090 6.18E+07 0.68854 1883.24
18186 18122 6.28E+07 0.74554 1871.934
18219 76.2251 18154 6.28E+07 0.67628 1890.906
18250 76.1905 18187 6.25E+07 0.73289 1873.323
18283 76.1975 18219 6.20E+07 0.69439 1882.297
18314 76.1955 18251 6.20E+07 0.74291 1870.35
18347 76.2096 18283 6.22E+07 0.68248 1887.074
18379 76.2229 18315 6.21E+07 0.6788 1887.382
18411 76.1993 18347 6.22E+07 0.74161 1871.586
18443 76.1949 18379 6.22E+07 0.74344 1870.709
18475 76.1785 18412 6.18E+07 0.68195 1886.097
18508 76.1603 18444 6.15E+07 0.74094 1869.054
18540 76.1625 18476 6.15E+07 0.68815 1883.059
18572 76.1706 18508 6.17E+07 0.68326 1885.792
18604 76.1413 18540 6.13E+07 0.69744 1879.277
18636 76.1481 18572 6.18E+07 0.67849 1887.808
18668 76.1583 18604 6.17E+07 0.68679 1884.448
18700 76.1476 18636 6.11E+07 0.72117 1871.601
18732 76.161 18668 6.14E+07 0.7281 1872.708
18764 76.1488 18701 6.15E+07 0.73752 1869.858
18796 76.1255 18733 6.15E+07 0.74593 1868.52
18829 76.1128 18765 6.14E+07 0.69297 1881.526
18861 76.0987 18797 6.18E+07 0.76139 1864.646
18893 76.0878 18829 6.20E+07 0.70528 1879.933
18925 76.0915 18861 6.16E+07 0.76505 1860.532
18957 76.0895 18893 6.14E+07 0.69742 1879.009
18989 76.11 18926 6.15E+07 0.6882 1882.739
19021 76.0986 18958 6.15E+07 0.70352 1877.615
19054 76.1124 18990 6.14E+07 0.69072 1881.67
19085 76.0979 19022 6.18E+07 0.74443 1869.001
19118 76.066 19054 6.17E+07 0.7401 1870.443
19150 76.0769 19086 6.17E+07 0.74906 1865.603
19182 76.0764 19118 6.17E+07 0.6936 1881.535
19214 76.0634 19150 6.20E+07 0.68741 1884.59
19246 76.0776 19182 6.21E+07 0.75907 1865.778
19278 76.0295 19215 6.29E+07 0.68956 1887.691
19311 76.0464 19247 6.37E+07 0.67995 1893.634
19343 76.0367 19279 6.39E+07 0.73701 1877.468
19375 76.0059 19311 6.51E+07 0.68614 1896.584
19407 76.0077 19343 6.51E+07 0.74586 1881.449
19439 75.9908 19375 6.50E+07 0.68183 1897.337
19472 75.9975 19408 6.58E+07 0.74147 1883.318
19503 75.9704 19440 6.61E+07 0.68254 1901.629
19536 75.9357 19472 6.60E+07 0.67219 1904.05
19568 75.9517 19504 6.59E+07 0.66954 1905.103
19600 75.9485 19536 6.63E+07 0.72399 1890.35
19632 75.9368 19568 6.65E+07 0.66305 1908.467
19664 75.9115 19601 6.63E+07 0.71637 1892.087
19697 75.9255 19633 6.66E+07 0.72348 1890.332
19728 75.9052 19665 6.65E+07 0.66819 1906.814
19761 75.9111 19697 6.62E+07 0.73397 1888.416
19793 75.9096 19729 6.47E+07 0.73606 1882.021
19825 75.8882 19761 6.39E+07 0.67983 1894.409
19857 75.8968 19793 6.34E+07 0.68758 1890.279
19889 75.8579 19825 6.34E+07 0.73618 1877.5
19922 75.8827 19858 6.36E+07 0.75046 1873.625
19954 75.8791 19890 6.42E+07 0.68212 1894.924
19986 75.8698 19922 6.52E+07 0.7426 1882.196
20018 75.8762 19954 6.53E+07 0.6838 1898.387
20050 75.8549 19986 6.51E+07 0.75499 1877.48
20082 75.835 20018 6.48E+07 0.68665 1895.016
20114 75.8359 20050 6.46E+07 0.67598 1898.317
20146 75.8282 20083 6.47E+07 0.67336 1898.567
20179 75.8384 20115 6.52E+07 0.67562 1898.857
20211 75.7988 20147 6.55E+07 0.65995 1905.473
20243 75.7996 20179 6.65E+07 0.70803 1894.884
20275 75.7833 20211 6.67E+07 0.64756 1915.44
20307 75.773 20243 6.71E+07 0.64939 1914.748
20340 75.7257 20276 6.74E+07 0.70152 1899.971
20373 75.7422 20308 6.71E+07 0.64647 1915.602
20404 75.7543 20340 6.77E+07 0.70412 1899.978
20436 75.7379 20373 6.80E+07 0.7033 1902.834
20469 75.7142 20405 6.78E+07 0.71501 1899.715
20501 75.7142 20437 6.90E+07 0.72879 1899.202
20533 75.7133 20469 6.95E+07 0.66456 1919.522
20566 75.7343 20501 6.96E+07 0.668 1917.115
20597 75.6994 20534 6.90E+07 0.66114 1917.879
20630 75.6999 20566 6.89E+07 0.72187 1902.097
20662 75.6975 20598 6.83E+07 0.65906 1916.269
20694 75.6739 20630 6.60E+07 0.70867 1893.84
20726 75.6556 20662 6.58E+07 0.71793 1890.415
20758 75.6463 20694 6.63E+07 0.65905 1908.947
20791 75.6535 20727 6.69E+07 0.65865 1911.826
20823 75.6113 20759 6.67E+07 0.65393 1912.052
20855 75.6305 20791 6.65E+07 0.65023 1912.293
20887 75.5826 20823 6.63E+07 0.70136 1898.888
20920 75.6313 20856 6.56E+07 0.69787 1894.977
20951 75.6049 20888 6.66E+07 0.70603 1897.084
20984 75.5692 20920 6.74E+07 0.71598 1898.17
21016 75.5949 20952 6.67E+07 0.66358 1908.717
21048 75.5686 20984 6.59E+07 0.73181 1886.353
21080 75.5567 21016 6.57E+07 0.6825 1900.485
21112 75.5512 21049 6.68E+07 0.67091 1906.79
21145 75.5619 21081 6.59E+07 0.67271 1903.441
21176 75.5272 21113 6.62E+07 0.71852 1893.017
21209 75.5582 21145 6.67E+07 0.66053 1910.323
21241 75.5205 21177 6.86E+07 0.64698 1921.132
21273 75.5102 21209 6.93E+07 0.70763 1904.033
21305 75.514 21241 6.89E+07 0.65248 1920.642
21337 75.5026 21274 6.92E+07 0.71109 1906.011
21370 75.5396 21306 6.92E+07 0.70953 1906.666
21401 75.5192 21338 6.92E+07 0.65563 1921.148
21434 75.5056 21370 6.90E+07 0.65291 1921.324
21466 21402 6.87E+07 0.71014 1902.665
21498 21434 6.80E+07 0.65927 1914.797
21535 75.4665 21466 6.79E+07 0.65347 1916.358
21558 75.456 21499 6.79E+07 0.6385 1921.347
21595 75.4588 21531 6.73E+07 0.696 1903.089
21627 75.4148 21563 6.63E+07 0.70505 1898.807
21660 75.4442 21595 6.56E+07 0.70398 1896.681
21691 75.4263 21627 6.57E+07 0.71337 1893.49
21723 75.3766 21660 6.54E+07 0.65681 1908.684
21756 75.37 21692 6.49E+07 0.72979 1884.149
21788 21724 6.43E+07 0.67946 1897.009
21819 75.3327 21756 6.44E+07 0.66185 1902.856
21853 75.3589 21788 6.47E+07 0.72267 1887.553
21884 75.3237 21820 6.54E+07 0.72462 1889.703
21917 75.32 21853 6.61E+07 0.73886 1885.437
21949 75.3262 21885 6.80E+07 0.74077 1893.295
21981 75.29 21917 6.82E+07 0.75364 1890.378
22013 75.2966 21949 6.86E+07 0.77292 1885.09
22045 21981 6.87E+07 0.70885 1902.69
22078 75.2772 22013 6.86E+07 0.78016 1882.909
22110 75.2686 22046 6.89E+07 0.71371 1903.705
22142 75.2533 22078 6.90E+07 0.70856 1905.16
22174 75.2143 22110 6.89E+07 0.77368 1885.309
22206 75.1948 22142 6.86E+07 0.77384 1884.403
22239 75.2146 22174 6.87E+07 0.71249 1902.099
22271 75.2212 22207 6.81E+07 0.77328 1884.621
22303 75.1869 22239 6.57E+07 0.71095 1893.064
22335 75.1971 22271 6.34E+07 0.71141 1884.336
22367 75.2045 22303 6.30E+07 0.77321 1865.59
22399 75.2065 22336 6.56E+07 0.69946 1895.617
22432 75.204 22368 6.45E+07 0.69698 1892.692
22464 75.2035 22400 6.33E+07 0.75432 1873.124
22496 75.1946 22432 6.25E+07 0.69137 1885.898
22529 75.1697 22464 6.17E+07 0.70858 1878.636
22561 75.158 22496 6.19E+07 0.67794 1888.662
22593 75.146 22529 6.19E+07 0.67262 1889.846
22625 75.1621 22561 6.13E+07 0.73601 1870.614
22657 75.1525 22593 6.14E+07 0.73217 1872.483
22690 22626 6.16E+07 0.68753 1884.168
22722 75.1267 22658 6.17E+07 0.73632 1872.464
22754 75.1486 22690 6.18E+07 0.74858 1869.675
22786 75.122 22722 6.11E+07 0.69988 1879.253
22819 75.1176 22755 6.09E+07 0.75694 1861.352
22851 75.1149 22787 5.98E+07 0.71727 1869.095
22883 75.1051 22819 5.88E+07 0.76839 1852.702
22915 75.0842 22851 5.83E+07 0.77512 1848.066
22948 75.1182 22883 5.76E+07 0.70903 1862.672
22979 75.1022 22915 5.81E+07 0.73826 1855.851
23012 75.0431 22948 5.86E+07 0.72722 1860.656
23046 75.0634 22980 5.92E+07 0.70642 1870.647
23077 75.1025 23013 5.99E+07 0.69465 1876.306
23109 75.0868 23046 6.10E+07 0.69958 1880.051
23142 75.1029 23078 6.11E+07 0.67862 1885.591
23174 75.0765 23110 6.10E+07 0.73636 1867.498
23207 75.0898 23142 6.09E+07 0.73828 1869.309
23238 75.0771 23174 6.11E+07 0.67909 1886.467
23271 75.0632 23207 6.07E+07 0.69863 1878.301
23303 75.0565 23239 6.05E+07 0.74151 1866.981
23335 75.0625 23271 6.07E+07 0.69577 1878.936
23367 75.055 23303 6.00E+07 0.69407 1877.532
23399 75.0402 23335 6.03E+07 0.7369 1866.834
23432 75.0444 23368 6.22E+07 0.69436 1884.539
23465 23400 6.44E+07 0.74815 1878.512
23496 75.0498 23433 6.71E+07 0.74954 1888.571
23530 75.0786 23465 6.78E+07 0.76083 1887.593
23561 75.0538 23497 7.15E+07 0.70106 1916.869
23594 75.0325 23530 7.33E+07 0.76733 1902.587
23626 75.0028 23562 7.43E+07 0.70811 1923.634
23659 74.9845 23594 7.45E+07 0.77424 1905.076
23691 74.9648 23627 7.45E+07 0.7052 1925.833
23723 23659 7.46E+07 0.69463 1928.463
23757 74.9496 23691 7.39E+07 0.69341 1926.499
23788 74.929 23724 7.36E+07 0.67936 1930.204
23821 74.9145 23756 7.33E+07 0.6739 1931.188
23853 74.8988 23789 7.33E+07 0.72376 1917.024
23886 74.9012 23821 7.29E+07 0.65836 1934.255
23918 74.8767 23854 7.28E+07 0.72005 1914.332
23950 74.8517 23886 7.29E+07 0.72564 1915.102
23983 74.8415 23918 7.20E+07 0.66533 1928.76
24015 74.8231 23950 7.19E+07 0.6637 1928.941
24047 74.8104 23983 7.05E+07 0.65235 1927.93
24079 74.8044 24015 7.06E+07 0.71968 1906.985
24112 24047 7.02E+07 0.65107 1927.426
24143 74.7974 24080 6.93E+07 0.6369 1928.819
24176 74.7903 24112 6.92E+07 0.6315 1931.229
24208 74.7707 24144 6.85E+07 0.69122 1908.572
24241 24177 6.75E+07 0.69938 1905.567
24273 74.7711 24209 6.83E+07 0.69512 1909.76
24305 74.7609 24241 6.82E+07 0.70437 1904.034
24337 74.7169 24273 6.79E+07 0.71853 1898.745
24370 74.7161 24305 6.85E+07 0.66664 1916.473
24402 74.714 24338 6.82E+07 0.66197 1917.2
24434 74.6854 24370 6.81E+07 0.65486 1920.215
24464 24402 6.78E+07 0.65591 1917.545
24499 24435 6.69E+07 0.70516 1899.646
24533 74.6599 24467 6.87E+07 0.70235 1906.04
24563 74.6716 24499 6.60E+07 0.70985 1894.09
24595 74.6675 24531 6.48E+07 0.71991 1888.924
24628 74.6501 24563 6.55E+07 0.73357 1886.748
24660 74.6304 24596 6.51E+07 0.69189 1895.314
24692 74.6389 24628 6.48E+07 0.67788 1899.816
24724 74.6342 24660 6.42E+07 0.67823 1896.74
24757 74.6133 24693 6.39E+07 0.73531 1878.608
24789 74.6056 24725 6.38E+07 0.67955 1894.577
24821 74.5885 24757 6.38E+07 0.7272 1882.634
24853 74.5822 24789 6.34E+07 0.73462 1879.45
24886 74.5599 24821 6.29E+07 0.74653 1872.743
24919 74.5745 24854 6.34E+07 0.69267 1889.005
24951 74.5465 24886 6.37E+07 0.68031 1894.043
24984 24919 6.36E+07 0.75208 1875.151
25017 74.5549 24952 6.28E+07 0.70415 1884.248
25048 74.5329 24984 6.36E+07 0.69532 1889.485
25081 25017 6.24E+07 0.74015 1873.121
25113 74.508 25049 6.41E+07 0.67868 1898.375
25146 74.4811 25081 6.89E+07 0.67837 1915.714
25178 74.4748 25114 7.25E+07 0.7343 1912.721
25205 74.4272 25146 7.54E+07 0.6701 1939.59
25247 74.3465 25178 7.83E+07 0.66531 1951.163
25276 74.3745 25211 8.06E+07 0.65109 1961.984
25307 74.3208 25243 8.20E+07 0.64584 1967.548
25340 74.3597 25275 8.26E+07 0.63966 1971.885
25371 74.3286 25308 8.27E+07 0.68712 1959.552
25404 74.3098 25340 8.23E+07 0.62491 1975.593
25436 74.2965 25372 8.17E+07 0.61724 1976.092
25469 74.299 25404 8.14E+07 0.6751 1956.586
25501 74.2572 25437 8.10E+07 0.61637 1973.577
25533 74.2473 25469 7.98E+07 0.67635 1951.464
25565 74.2192 25501 7.93E+07 0.67409 1950.156
25598 74.1841 25533 7.84E+07 0.61924 1964.655
25630 74.1593 25566 7.78E+07 0.61962 1963.193
25663 74.191 25598 7.64E+07 0.67319 1944.039
25694 74.184 25630 7.60E+07 0.68512 1937.338
25727 74.1877 25663 7.45E+07 0.68697 1933.537
25759 74.152 25695 7.48E+07 0.62399 1951.268
25792 74.1587 25728 7.44E+07 0.69067 1932.43
25824 74.1297 25760 7.40E+07 0.70559 1924.86
25856 74.1222 25792 7.39E+07 0.64454 1941.509
25889 74.133 25824 7.37E+07 0.70387 1926.018
25921 74.1379 25856 7.33E+07 0.70742 1922.941
25953 74.0946 25889 7.32E+07 0.6559 1936.722
25986 74.0746 25921 7.24E+07 0.71763 1914.917
26018 74.0659 25953 7.21E+07 0.65327 1932.468
26050 74.0537 25986 7.14E+07 0.65324 1931.443
26082 74.0619 26018 7.02E+07 0.71136 1909.659
26115 74.0486 26050 7.02E+07 0.71219 1908.853
26147 26083 6.96E+07 0.65506 1924.05
26180 74.0511 26115 6.76E+07 0.71088 1903.093
26212 74.0138 26147 6.70E+07 0.72297 1894.349
26245 74.0076 26180 6.75E+07 0.73762 1892.283
26277 74.0254 26212 6.82E+07 0.67236 1914.519
26309 74.0049 26245 6.90E+07 0.73477 1899.298
26342 73.9886 26277 6.81E+07 0.67993 1911.411
26374 73.9918 26310 6.74E+07 0.74501 1890.853
26407 73.9975 26342 6.66E+07 0.67824 1907.623
26439 73.9704 26374 6.56E+07 0.67716 1903.237
26471 73.9676 26407 6.53E+07 0.73817 1884.599
26504 73.9733 26439 6.26E+07 0.73889 1872.861
26536 73.9559 26472 6.02E+07 0.75127 1862.999
26569 73.9779 26504 6.06E+07 0.75258 1861.01
26600 73.957 26536 6.01E+07 0.71628 1869.526
26633 73.946 26569 5.83E+07 0.73322 1858.163
26666 73.989 26601 5.69E+07 0.77537 1842.845
26698 73.9988 26633 5.62E+07 0.78303 1837.977
26730 73.9869 26666 5.30E+07 0.76511 1828.592
26763 73.9762 26698 5.36E+07 0.79233 1822.597
26795 26731 5.29E+07 0.75519 1830.077
26828 73.9581 26763 5.48E+07 0.77294 1833.388
26860 73.9819 26796 5.38E+07 0.74074 1838.475
26892 73.9522 26828 5.41E+07 0.75646 1834.113
26925 73.9571 26860 5.52E+07 0.80171 1828.248
26957 73.9533 26893 5.57E+07 0.73342 1847.86
26989 73.9476 26925 5.71E+07 0.7991 1834.801
27022 73.9673 26957 5.91E+07 0.72797 1864.066
27054 73.9491 26990 6.10E+07 0.80192 1850.489
27087 73.9232 27022 6.24E+07 0.73418 1874.444
27120 73.9542 27055 6.34E+07 0.72135 1881.486
27151 73.9184 27087 6.46E+07 0.71906 1887.349
27184 73.9016 27119 6.48E+07 0.70385 1892.104
27217 73.9557 27152 6.55E+07 0.69927 1895.991
27248 73.9238 27184 6.61E+07 0.75132 1885.205
27281 73.9175 27217 6.65E+07 0.68302 1904.795
27313 73.8917 27249 6.69E+07 0.74687 1887.996
27346 73.9122 27281 6.69E+07 0.68625 1905.608
27378 73.8963 27314 6.55E+07 0.74901 1882.613
27411 73.8868 27346 6.51E+07 0.69737 1896.11
27443 73.8625 27379 6.47E+07 0.74813 1881.864
27476 73.8904 27411 6.51E+07 0.69651 1895.502
27508 73.8695 27443 6.61E+07 0.67968 1905.63
27540 73.8506 27476 6.57E+07 0.68792 1900.56
27573 73.8475 27508 6.63E+07 0.73702 1889.924
27605 73.8357 27541 6.65E+07 0.74535 1889.654
27638 73.8458 27573 6.72E+07 0.74476 1892.383
27670 73.827 27605 6.77E+07 0.75489 1889.749
27702 73.8191 27638 6.79E+07 0.69729 1906.513
27735 73.8367 27670 6.84E+07 0.69907 1907.422
27767 73.8502 27702 6.88E+07 0.76468 1891.717
27799 73.8497 27735 6.83E+07 0.6963 1906.872
27832 73.8113 27767 6.88E+07 0.68632 1911.966
27865 73.8127 27800 6.89E+07 0.74417 1895.582
27897 73.8182 27832 6.90E+07 0.6822 1913.563
27929 73.8089 27865 6.95E+07 0.75048 1895.455
27962 73.7981 27897 6.96E+07 0.6763 1918.421
27994 73.8128 27929 6.99E+07 0.6725 1920.255
28026 73.828 27962 7.00E+07 0.66987 1920.944
28059 73.8067 27994 7.00E+07 0.72479 1906.846
28091 73.7582 28027 7.05E+07 0.66385 1926.097
28124 73.795 28059 7.06E+07 0.71554 1910.408
28156 73.7523 28092 7.11E+07 0.65484 1929.703
28188 73.7668 28124 7.07E+07 0.72007 1908.099
28220 73.7319 28156 7.10E+07 0.73061 1909.196
28253 73.7336 28188 7.14E+07 0.66213 1929.185
28285 73.7266 28221 7.18E+07 0.73147 1908.818
28318 73.6975 28253 7.25E+07 0.66483 1932.771
28351 73.7271 28286 7.21E+07 0.66673 1930.068
28383 73.7089 28318 7.23E+07 0.6566 1933.955
28415 73.7126 28351 7.10E+07 0.71017 1913.908
28448 73.6722 28383 7.07E+07 0.72026 1909.227
28481 73.7114 28416 7.11E+07 0.7179 1911.441
28512 28448 7.07E+07 0.65963 1927.193
28545 73.6556 28481 6.98E+07 0.66303 1922.036
28578 73.654 28513 6.90E+07 0.65949 1921.803
28611 73.6866 28545 6.90E+07 0.71827 1903.012
28642 73.6442 28578 6.87E+07 0.71785 1902.332
28675 73.6254 28610 6.91E+07 0.71784 1904.066
28708 73.6391 28643 6.89E+07 0.73006 1902.182
28740 73.6348 28675 6.79E+07 0.74413 1893.118
28772 73.6117 28708 6.76E+07 0.68935 1906.862
28805 73.6102 28740 6.77E+07 0.75584 1889.554
28837 73.6026 28772 6.75E+07 0.69107 1907.156
28870 73.6088 28805 6.82E+07 0.75819 1890.491
28902 73.604 28837 6.82E+07 0.7641 1889.252
28934 73.5692 28870 6.75E+07 0.69512 1905.181
28967 73.5536 28902 6.78E+07 0.76951 1886.275
29000 73.5701 28935 6.74E+07 0.77238 1883.167
29032 73.5892 28967 6.71E+07 0.71427 1899.302
29064 73.5638 29000 6.65E+07 0.70592 1899.066
29092 73.5275 29032 6.67E+07 0.69487 1903.743
29134 29065 6.61E+07 0.69482 1900.199
29162 73.525 29097 6.64E+07 0.75228 1885.608
29194 73.5118 29129 6.58E+07 0.74805 1885.692
29226 73.4942 29162 6.63E+07 0.75515 1884.284
29259 73.4845 29194 6.68E+07 0.69258 1902.328
29291 73.4748 29227 6.72E+07 0.765 1884.616
29324 73.473 29259 6.77E+07 0.70548 1903.92
29356 73.4538 29292 6.73E+07 0.69659 1904.425
29389 73.4439 29324 6.69E+07 0.68681 1904.245
29421 73.4266 29357 6.72E+07 0.67385 1910.316
29454 73.4177 29389 6.65E+07 0.74082 1890.177
29486 73.4123 29421 6.61E+07 0.73575 1887.971
29519 73.4334 29454 6.57E+07 0.68576 1901.671
29551 73.4238 29486 6.48E+07 0.73983 1881.944
29584 73.4044 29519 6.52E+07 0.69293 1897.559
29616 73.4251 29551 6.51E+07 0.68406 1899.496
29648 73.3959 29584 6.51E+07 0.74305 1883.123
29681 73.3769 29616 6.44E+07 0.74458 1878.857
29713 73.3904 29649 6.47E+07 0.68763 1896.965
29746 73.4111 29681 6.47E+07 0.74597 1879.522
29778 73.4031 29713 6.41E+07 0.68556 1895.675
29811 73.4064 29746 6.43E+07 0.68776 1894.953
29843 73.3824 29778 6.36E+07 0.69658 1890.934
29876 73.3644 29811 6.38E+07 0.66846 1900.457
29908 73.3709 29844 6.37E+07 0.73171 1881.801
29941 73.407 29876 6.37E+07 0.72872 1883.764
29973 73.3664 29908 6.26E+07 0.73778 1874.917
30006 73.3575 29941 6.29E+07 0.69441 1889.367
30038 73.3356 29973 6.35E+07 0.74782 1877.234
30071 73.3586 30006 6.40E+07 0.76449 1873.759
30102 73.3275 30038 6.42E+07 0.77138 1871.936
30136 73.3283 30071 6.47E+07 0.78034 1871.827
30168 73.3204 30103 6.52E+07 0.78927 1871.819
30200 73.3184 30136 6.55E+07 0.73213 1887.222
30232 73.29 30168 6.58E+07 0.8059 1867.802
30265 73.2889 30200 6.59E+07 0.73701 1887.712
30298 73.3053 30232 6.56E+07 0.80737 1866.181
30330 73.2913 30265 6.54E+07 0.73562 1885.997
30362 30298 6.54E+07 0.72543 1888.601
30395 73.2815 30330 6.60E+07 0.72415 1891.17
30427 73.2713 30363 6.60E+07 0.70862 1896.142
30460 73.2785 30395 6.61E+07 0.77725 1878.358
30492 73.2627 30427 6.61E+07 0.6975 1899.508
30525 73.2468 30460 6.61E+07 0.69026 1902.064
30557 73.2248 30492 6.64E+07 0.68771 1903.049
30591 73.2351 30525 6.65E+07 0.74788 1887.175
30623 73.2311 30558 6.67E+07 0.68977 1903.114
30655 73.1958 30590 6.63E+07 0.67539 1906.918
30689 73.2002 30623 6.63E+07 0.73311 1889.651
30721 30656 6.62E+07 0.74211 1887.005
30753 73.2186 30688 6.59E+07 0.68177 1903.232
30785 73.1859 30721 6.62E+07 0.73965 1889.017
30819 73.2359 30753 6.63E+07 0.67868 1905.795
30850 73.1867 30786 6.65E+07 0.67931 1906.907
30884 73.2065 30819 6.67E+07 0.73952 1891.716
30915 73.1641 30851 6.67E+07 0.73898 1890.46
30948 73.1713 30883 6.64E+07 0.68186 1905.838
30981 73.1632 30916 6.66E+07 0.73886 1889.602
31013 73.1393 30949 6.69E+07 0.75149 1888.15
31046 73.1433 30981 6.67E+07 0.76665 1883.069
31078 73.1492 31013 6.67E+07 0.69879 1900.933
31111 73.1337 31046 6.65E+07 0.69115 1903.002
31144 73.1316 31078 6.70E+07 0.69292 1906.559
31176 73.1068 31111 6.67E+07 0.68841 1903.807
31208 73.1289 31144 6.64E+07 0.74296 1886.498
31240 73.0808 31176 6.66E+07 0.73799 1891.086
31274 73.0925 31209 6.73E+07 0.74622 1890.305
31305 73.0768 31241 6.72E+07 0.68562 1906.391
31338 73.0469 31273 6.74E+07 0.68423 1909.127
31372 73.0698 31306 6.77E+07 0.68343 1908.187
31404 73.0426 31338 6.75E+07 0.67212 1911.197
31437 73.0552 31371 6.75E+07 0.72904 1895.185
31469 73.047 31404 6.72E+07 0.72543 1896.646
31502 73.0289 31437 6.75E+07 0.66391 1915.118
31535 73.0217 31469 6.67E+07 0.72953 1891.768
31567 73.0076 31502 6.63E+07 0.66881 1908.232
31600 73.0098 31534 6.64E+07 0.66926 1908.887
31632 72.9876 31567 6.66E+07 0.66346 1911.135
31664 72.9697 31599 6.60E+07 0.71294 1893.782
31697 72.9804 31632 6.64E+07 0.72324 1894.97
31729 31665 6.64E+07 0.72192 1895.843
31761 31697 6.68E+07 0.73307 1894.685
31794 72.968 31730 6.60E+07 0.74647 1884.176
31827 72.9621 31762 6.69E+07 0.69115 1904.026
31859 72.9322 31794 6.61E+07 0.68701 1903.157
31892 72.9369 31827 6.58E+07 0.75172 1885.141
31925 72.9398 31859 6.59E+07 0.75798 1883.681
31957 72.9232 31892 6.58E+07 0.69052 1901.514
31990 72.9191 31925 6.58E+07 0.67989 1903.61
32022 72.9186 31958 6.56E+07 0.68647 1900.465
32055 72.9357 31990 6.58E+07 0.74898 1884.673
32088 72.9259 32023 6.74E+07 0.74841 1891.075
32121 72.8927 32055 6.79E+07 0.67531 1913.506
32153 72.8907 32088 6.79E+07 0.67242 1913.29
32185 72.8892 32121 6.81E+07 0.671 1914.443
32218 72.8705 32153 6.86E+07 0.73839 1898.036
32251 72.8701 32186 6.92E+07 0.73616 1898.72
32283 72.8643 32218 6.89E+07 0.66373 1919.145
32316 72.8556 32251 6.93E+07 0.73116 1899.633
32349 72.8288 32284 6.95E+07 0.67268 1917.718
32381 32316 7.01E+07 0.673 1920.412
32414 72.8116 32349 7.02E+07 0.66058 1924.192
32446 72.7982 32382 6.95E+07 0.71424 1907.791
32479 32414 6.83E+07 0.65616 1918.975
32511 72.7835 32447 6.64E+07 0.7091 1896.331
32545 72.8315 32479 6.61E+07 0.71675 1894.605
32576 72.8137 32512 6.66E+07 0.6568 1912.026
32609 72.7886 32544 6.66E+07 0.72514 1891.866
32642 32577 6.64E+07 0.72743 1892.982
32674 72.7474 32610 6.70E+07 0.67169 1909.82
32708 72.7603 32642 6.79E+07 0.73454 1894.238
32740 72.756 32675 6.86E+07 0.66796 1916.697
32772 72.7259 32707 6.91E+07 0.74062 1898.303
32805 72.7436 32740 7.00E+07 0.67302 1920.724
32837 72.7123 32772 7.10E+07 0.73245 1907.409
32870 72.7174 32805 7.24E+07 0.67423 1927.301
32902 72.685 32838 7.36E+07 0.66277 1935.295
32936 72.6762 32870 7.47E+07 0.66179 1939.149
32968 72.6529 32903 7.61E+07 0.7149 1930.325
33001 32935 7.80E+07 0.65477 1953.392
33032 72.6414 32968 7.91E+07 0.70738 1939.439
33066 72.6286 33001 8.00E+07 0.71434 1941.864
33098 72.6119 33033 8.06E+07 0.6561 1961.214
33131 33066 8.02E+07 0.72397 1939.123
33163 72.5816 33098 7.98E+07 0.65674 1959.165
33197 72.5771 33131 7.96E+07 0.65712 1957.085
33229 72.5819 33164 7.90E+07 0.64757 1957.315
33261 72.591 33196 7.76E+07 0.63489 1957.86
33294 72.5754 33229 7.57E+07 0.69726 1933.6
33327 72.5772 33261 7.12E+07 0.69165 1921.945
33360 72.5665 33294 7.09E+07 0.69898 1918.77
33392 72.5233 33327 6.94E+07 0.64037 1928.509
33426 72.5553 33360 6.50E+07 0.70626 1895.336
33458 72.5841 33393 6.18E+07 0.72125 1879.519
33490 72.5622 33425 6.05E+07 0.72629 1873.047
33523 72.6191 33458 5.74E+07 0.73356 1857.748
33554 72.5659 33490 5.63E+07 0.74082 1851.443
33588 72.5664 33523 5.66E+07 0.76192 1844.521
33620 72.5628 33555 5.69E+07 0.77361 1844.283
33653 72.5675 33588 5.80E+07 0.74245 1855.06
33686 72.5499 33620 5.87E+07 0.71295 1866.451
33718 72.546 33653 5.88E+07 0.71717 1865.081
33751 72.5792 33686 5.92E+07 0.7787 1851.488
33783 72.5526 33718 5.89E+07 0.7118 1867.834
33817 33751 5.89E+07 0.76924 1853.729
33849 72.5427 33784 5.85E+07 0.77487 1849.959
33882 33817 5.98E+07 0.71284 1872.487
33913 72.5069 33849 6.01E+07 0.71202 1872.747
33948 72.5314 33882 6.47E+07 0.69935 1894.544
33980 72.4959 33914 6.92E+07 0.69698 1910.576
34013 72.512 33947 7.14E+07 0.68325 1922.827
34045 72.4933 33980 7.19E+07 0.73593 1909.56
34078 72.4729 34013 7.01E+07 0.74078 1901.873
34111 34046 6.94E+07 0.67569 1917.55
34143 72.4697 34078 7.09E+07 0.6712 1923.93
34176 72.4673 34111 7.04E+07 0.6663 1923.977
34209 72.4845 34144 7.01E+07 0.66308 1924.711
34241 72.4654 34176 6.73E+07 0.71758 1901.155
34274 72.4819 34209 6.28E+07 0.71271 1882.803
34306 72.4737 34241 6.24E+07 0.72049 1879.784
34339 72.4624 34274 6.04E+07 0.73083 1868.787
34372 72.4247 34307 6.27E+07 0.6861 1891.319
34405 72.4238 34339 6.48E+07 0.74922 1882.022
34438 34372 6.75E+07 0.68388 1909.458
34469 72.4333 34405 6.81E+07 0.6784 1912.858
34502 72.3997 34438 6.76E+07 0.6704 1913.471
34535 72.4807 34470 6.57E+07 0.65892 1909.841
34566 72.3627 34502 6.56E+07 0.65375 1912.356
34600 72.3217 34535 6.35E+07 0.70252 1889.457
34634 72.4596 34568 6.18E+07 0.70644 1880.635
34664 72.4279 34600 6.02E+07 0.71233 1875.799
34698 72.3778 34633 5.82E+07 0.72113 1862.669
34731 72.3823 34665 5.97E+07 0.7342 1867.362
34763 72.3788 34698 5.88E+07 0.75109 1857.99
34796 72.3819 34731 5.77E+07 0.76129 1852.072
34828 72.3553 34763 5.55E+07 0.77281 1838.658
34862 72.3685 34796 5.60E+07 0.7213 1853.246
34894 72.3454 34829 5.65E+07 0.73196 1852.456
34927 34862 5.75E+07 0.72577 1858.309
34958 72.3525 34894 5.70E+07 0.72177 1857.016
34992 72.3412 34927 5.71E+07 0.72818 1856.022
35024 72.3591 34959 5.73E+07 0.76209 1849.938
35057 72.3578 34992 5.76E+07 0.71139 1863.288
35090 72.3651 35024 5.75E+07 0.76633 1846.532
35122 72.3493 35057 5.72E+07 0.77485 1844.638
35155 72.3574 35090 5.65E+07 0.786 1839.087
35187 72.3617 35123 5.77E+07 0.72971 1857.729
35220 72.3331 35155 5.77E+07 0.71597 1861.353
35253 72.3449 35188 5.69E+07 0.72649 1855.576
35285 35220 5.77E+07 0.71611 1862.638
35319 72.3667 35253 5.76E+07 0.7716 1848.449
35350 72.3347 35286 5.96E+07 0.76857 1856.515
35384 72.3392 35318 5.95E+07 0.7054 1872.939
35416 72.3062 35351 6.03E+07 0.70075 1877.862
35449 72.3063 35384 5.91E+07 0.76911 1855.631
35481 35417 5.97E+07 0.70814 1873.031
35514 72.3245 35449 5.97E+07 0.76692 1857.98
35546 72.3076 35482 6.00E+07 0.76657 1857.291
35579 72.3124 35514 6.19E+07 0.77941 1862.243
35611 72.3046 35547 6.01E+07 0.72013 1871.17
35644 72.3004 35579 6.01E+07 0.71082 1874.683
35677 72.3132 35612 6.30E+07 0.71133 1884.513
35709 72.2722 35644 6.59E+07 0.70077 1898.421
35742 72.2902 35677 6.97E+07 0.68827 1914.849
35774 72.2942 35710 7.27E+07 0.67095 1930.865
35807 72.2416 35742 7.15E+07 0.66161 1928.864
35841 72.2513 35775 7.36E+07 0.65225 1939.638
35873 72.2615 35808 7.51E+07 0.64103 1949.384
35906 72.2311 35841 7.70E+07 0.69596 1940.784
35939 72.2591 35873 7.78E+07 0.63114 1960.823
35970 72.1992 35906 7.70E+07 0.68922 1943.65
36004 72.2042 35939 7.58E+07 0.62882 1955.98
36036 72.188 35971 7.60E+07 0.6901 1939.805
36069 72.1817 36004 7.63E+07 0.6337 1956.162
36101 36037 7.62E+07 0.68733 1940.78
36133 72.1277 36069 7.64E+07 0.63254 1956.838
36167 72.1363 36102 7.54E+07 0.68722 1934.881
36199 72.1428 36134 7.23E+07 0.63287 1942.435
36232 72.1461 36167 7.10E+07 0.68747 1920.781
36265 72.1277 36200 6.95E+07 0.63221 1932.451
36298 72.1148 36233 6.96E+07 0.68719 1915.323
36330 72.1015 36265 7.24E+07 0.69866 1923.72
36363 72.0986 36298 7.32E+07 0.70106 1927.564
36395 72.0937 36330 7.51E+07 0.64725 1947.383
36428 72.0623 36363 7.62E+07 0.63961 1954.665
36461 72.075 36396 7.65E+07 0.70849 1936.559
36493 72.0465 36428 7.65E+07 0.64506 1953.05
36527 72.0479 36461 7.57E+07 0.63488 1954.558
36559 72.0245 36494 7.49E+07 0.68781 1938.301
36592 72.0363 36526 7.27E+07 0.69633 1925.733
36624 72.032 36559 6.92E+07 0.70824 1911.595
36657 72.0574 36592 7.00E+07 0.64074 1932.54
36689 72.0234 36624 6.85E+07 0.70728 1909.306
36723 72.0341 36657 6.63E+07 0.66393 1912.353
36755 36690 6.66E+07 0.71747 1897.957
36788 71.9994 36722 6.61E+07 0.66142 1913.245
36821 72.025 36755 6.56E+07 0.71208 1898.365
36853 71.9989 36788 6.58E+07 0.65782 1914.031
36886 72.0133 36821 6.12E+07 0.71667 1880.178
36919 71.9975 36854 6.27E+07 0.72775 1880.853
36952 72.0149 36886 6.40E+07 0.66102 1905.375
36984 72.0031 36919 6.29E+07 0.6722 1898.281
37017 71.9833 36952 6.09E+07 0.72145 1876.313
37050 71.9636 36985 5.91E+07 0.73481 1864.857
37082 71.9464 37017 6.00E+07 0.73862 1869.443
37116 37050 5.80E+07 0.7409 1859.272
37147 71.9928 37083 6.40E+07 0.68551 1898.27
37181 72.0063 37115 6.35E+07 0.76047 1875.146
37213 72.0015 37148 6.28E+07 0.69546 1890.149
37246 71.9857 37181 5.91E+07 0.7604 1856.886
37279 71.9867 37214 6.12E+07 0.76497 1863.153
37311 71.9738 37246 6.19E+07 0.77003 1867.122
37344 71.9878 37279 6.46E+07 0.71275 1890.86
37376 71.9635 37311 6.05E+07 0.70369 1879.135
37409 37344 6.20E+07 0.70525 1883.239
37440 71.9506 37377 6.16E+07 0.69477 1885.431
37475 71.958 37409 6.21E+07 0.75316 1870.783
37507 71.9149 37442 5.76E+07 0.74962 1855.125
37540 71.9528 37474 5.66E+07 0.75736 1847.175
37572 71.9522 37507 5.87E+07 0.69543 1875.899
37604 71.9152 37540 6.27E+07 0.69357 1890.619
37638 71.9271 37572 6.20E+07 0.69334 1888.946
37671 71.9853 37605 6.36E+07 0.68837 1895.327
37702 71.9346 37638 6.24E+07 0.7409 1876.013
37736 71.8904 37671 6.37E+07 0.67435 1900.786
37769 71.8965 37703 6.21E+07 0.73301 1876.219
37802 71.8994 37736 6.13E+07 0.74129 1872.109
37835 71.9278 37769 5.97E+07 0.75136 1862.876
37867 71.8885 37802 6.09E+07 0.76459 1865.524
37901 71.8971 37835 6.16E+07 0.76957 1866.344
37933 71.8754 37867 6.32E+07 0.71437 1887.24
37966 71.8577 37900 6.40E+07 0.71083 1890.056
37999 71.8421 37934 6.93E+07 0.70504 1911.947
38032 37966 7.31E+07 0.76952 1906.998
38063 71.8739 37999 7.39E+07 0.69717 1929.357
38097 71.8219 38032 7.59E+07 0.68341 1941.609
38130 71.8152 38064 7.65E+07 0.67753 1943.683
38163 71.8041 38097 7.56E+07 0.67121 1944.004
38196 38130 7.57E+07 0.66478 1945.993
38227 71.7904 38163 7.62E+07 0.64488 1953.831
38262 71.7861 38196 7.69E+07 0.63495 1958.019
38294 71.7956 38229 7.86E+07 0.6916 1946.846
38326 71.77 38261 7.91E+07 0.62841 1967.919
38360 71.7715 38294 7.94E+07 0.68557 1950.505
38392 71.7502 38327 7.88E+07 0.62423 1967.264
38425 71.7504 38360 7.82E+07 0.6856 1948.593
38458 38392 7.76E+07 0.62993 1962.677
38490 38425 7.73E+07 0.61821 1966.271
38524 71.7446 38458 7.58E+07 0.68114 1941.077
38557 71.7557 38491 7.48E+07 0.68021 1940.889
38589 71.7361 38524 7.39E+07 0.69197 1935.184
38622 71.7078 38557 7.42E+07 0.69331 1934.82
38655 71.698 38590 7.33E+07 0.70662 1927.516
38688 71.6785 38622 7.32E+07 0.65612 1940.546
38720 71.6673 38655 7.16E+07 0.65136 1936.195
38754 71.6756 38688 7.05E+07 0.71387 1913.376
Graphite Data Graphite Data Graphene Data Graphene Data
Figure 4A Figure 4C Figure 4B Figure 4D
T avg Iavg/Mi T avg Emissivity Parameter, n T avg Iavg/Mi T avg Emissivity Parameter, n
1812.94787 0.52104 1812.94787 0.92197 1925.80261 1.06172 1925.80261 0.58017
1902.57648 0.71115 1902.57648 0.77167 1954.81185 1.23212 1954.81185 0.5892
2006.89379 0.91229 2006.89379 0.62154 2003.01204 1.3617 2003.01204 0.5303
2080.73537 1.08538 2080.73537 0.52346 2140.85915 1.76694 2140.85915 0.34939
T avg Iavg/Mi T avg n T avg Iavg/Mi T avg n
1793.90168 0.59474 1793.90168 0.83404 2140.85915 1.76694 2140.85915 0.34939
1893.8928 0.75276 1893.8928 0.71028 1969.90275 1.40486 1969.90275 0.53877
2015.90787 0.97367 2015.90787 0.56332 1729.9279 0.78726 1729.9279 0.81734
2232.13757 1.46208 2232.13757 0.33077 1637.87023 0.5955 1637.87023 0.92972
T avg Iavg/Mi T avg n T avg Iavg/Mi T avg n
1910.57947 0.70945 1910.57947 0.59607 1869.4201 1.87254 1869.4201 0.32537
2019.54073 0.98146 2019.54073 0.43751 1896.3167 2.05556 1896.3167 0.29487
2095.5591 1.20947 2095.5591 0.32353 1933.05436 2.41554 1933.05436 0.28314
1957.30791 2.67071 1957.30791 0.27541
T avg Iavg/Mi T avg n 1924.04544 2.48714 1924.04544 0.30441
1904.73075 1.42324 1904.73075 0.36469 2199.78351 4.63578 2199.78351 0.13901
2004.29508 1.7483 2004.29508 0.23764
2104.20153 2.19528 2104.20153 0.12677 T avg Iavg/Mi T avg n
2181.60988 2.59535 2181.60988 0.09192 1815.31168 1.76364 1815.31168 0.45089
2040.25966 2.91101 2040.25966 0.20872
T avg Iavg/Mi T avg n 1962.12547 2.74473 1962.12547 0.32549
1807.21116 0.59927 1807.21116 0.70571 2215.22794 4.33478 2215.22794 0.00139
1913.09339 0.82796 1913.09339 0.54238
2011.0964 1.03358 2011.0964 0.38377 T avg Iavg/Mi T avg n
2091.13587 1.244 2091.13587 0.2808 1881.15027 0.31964 1881.15027 0.72559
2017.6305 0.74081 2017.6305 0.52295
T avg Iavg/Mi T avg n 2130.57911 0.91831 2130.57911 0.37578
2091.13587 1.244 2091.13587 0.2808
1998.86577 1.04945 1998.86577 0.35315 T avg Iavg/Mi T avg n
1888.48525 0.81605 1888.48525 0.44452 2130.57911 0.91831 2130.57911 0.37578
1804.2565 0.69331 1804.2565 0.57764 2054.09987 0.77959 2054.09987 0.38724
1881.44809 0.69686 1881.44809 0.81789
T avg Iavg/Mi T avg n
1816.6796 0.45408 1816.6796 0.64803 T avg Iavg/Mi T avg n
1850.41986 0.49726 1850.41986 0.61784 1881.44809 0.69686 1881.44809 0.81789
1907.03962 0.56625 1907.03962 0.53133 1952.5489 0.76392 1952.5489 0.67247
2011.65633 0.76362 2011.65633 0.41492 2197.05722 1.08966 2197.05722 0.29344
T avg Iavg/Mi T avg n T avg Iavg/Mi T avg n
1914.95414 0.22332 1914.95414 0.49566 1911.88077 0.67543 1911.88077 0.50718
1950.33472 0.30857 1950.33472 0.45233 2031.68143 0.88793 2031.68143 0.39642
2007.86418 0.47301 2007.86418 0.38736 2062.49722 0.93109 2062.49722 0.35024
2066.33719 0.57567 2066.33719 0.32015
T avg Iavg/Mi T avg n
T avg Iavg/Mi T avg n 2062.49722 0.93109 2062.49722 0.35024
1834.00836 0.27712 1834.00836 0.97192 1932.42258 0.69659 1932.42258 0.47208
1957.78381 0.44802 1957.78381 0.75699 1786.59117 0.45111 1786.59117 0.52945
2077.98058 0.58617 2077.98058 0.57543
T avg Iavg/Mi T avg n
T avg Iavg/Mi T avg n 1786.59117 0.45111 1786.59117 0.52945
1791.51129 0.35457 1791.51129 0.76023 1930.36183 0.70054 1930.36183 0.48213
1899.948 0.47144 1899.948 0.63051 2033.686 0.89621 2033.686 0.39405
1950.10993 0.52911 1950.10993 0.58901 2108.19491 1.04937 2108.19491 0.33287
2012.1849 0.6197 2012.1849 0.54152
T avg Iavg/Mi T avg n
T avg Iavg/Mi T avg n 1806.11444 0.27981 1806.11444 0.65754
1911.16464 0.70863 1911.16464 0.68727 1898.53523 0.45427 1898.53523 0.56332
2031.59671 1.04463 2031.59671 0.53749 2004.415 0.65489 2004.415 0.45161
2112.79093 1.2285 2112.79093 0.42348 2062.86757 0.78344 2062.86757 0.38243
2173.09917 1.41818 2173.09917 0.35341
T avg Iavg/Mi T avg n
2062.86757 0.78344 2062.86757 0.38243
T avg Iavg/Mi T avg n 1976.97512 0.6651 1976.97512 0.42787
1837.75104 0.33243 1837.75104 0.75333 1930.796 0.62477 1930.796 0.51201
1891.62185 0.35987 1891.62185 0.73126 1887.02754 0.56931 1887.02754 0.55841
1998.72679 0.51533 1998.72679 0.68952 1810.39881 0.48182 1810.39881 0.66126
2101.26115 0.65307 2101.26115 0.56224
T avg Iavg/Mi T avg n
T avg Iavg/Mi T avg n 1810.39881 0.48182 1810.39881 0.66126
1812.80194 0.16609 1812.80194 0.8584 1911.73767 0.60937 1911.73767 0.54402
1908.7598 0.356 1908.7598 0.73431 2101.37029 1.02982 2101.37029 0.46304
2021.79725 0.55746 2021.79725 0.64617
2031.07336 0.60644 2031.07336 0.54986 T avg Iavg/Mi T avg n
1808.94671 0.28177 1808.94671 0.8245
T avg Iavg/Mi T avg n 1911.17276 0.46236 1911.17276 0.682
1804.341 0.3824 1804.341 0.66985 2006.72732 0.68556 2006.72732 0.51922
1912.95433 0.50069 1912.95433 0.55964 2099.85628 0.87808 2099.85628 0.39264
2005.92659 0.62354 2005.92659 0.46987
2062.062 0.7003 2062.062 0.40713 T avg Iavg/Mi T avg n
2102.03614 0.76546 2102.03614 0.36244 2099.85628 0.87808 2099.85628 0.39264
2000.7878 0.7601 2000.7878 0.46961
T avg Iavg/Mi T avg n 1898.88905 0.6152 1898.88905 0.58107
1928.25571 0.58538 1928.25571 0.52555 1791.37136 0.47266 1791.37136 0.69871
2016.55175 0.70879 2016.55175 0.43708
2128.52844 0.91083 2128.52844 0.35948 T avg Iavg/Mi T avg n
1791.37136 0.47266 1791.37136 0.69871
T avg Iavg/Mi T avg n 1897.58431 0.61588 1897.58431 0.58077
1770.84544 0.39601 1770.84544 0.81446 1992.0879 0.75949 1992.0879 0.47783
1905.542 0.61669 1905.542 0.68495 2097.37678 0.96054 2097.37678 0.35732
1980.20358 0.79062 1980.20358 0.56876
2051.76829 0.95684 2051.76829 0.48259
T avg Iavg/Mi T avg n
1768.71524 0.32821 1768.71524 0.7962
1895.10273 0.53047 1895.10273 0.79984
1971.94773 0.6388 1971.94773 0.66358
2117.1979 1.00741 2117.1979 0.51305
T avg Iavg/Mi T avg n
1783.17246 0.46709 1783.17246 0.68869
1885.10191 0.69557 1885.10191 0.72845
2009.20633 0.94568 2009.20633 0.63787
2107.40065 1.15692 2107.40065 0.48295
T avg Iavg/Mi T avg n
1810.97731 0.39756 1810.97731 0.81428
1973.53413 0.69406 1973.53413 0.64432
2067.19067 0.95196 2067.19067 0.50022
2200.12836 1.47119 2200.12836 0.34695
T avg Iavg/Mi T avg n
1813.75131 0.52275 1813.75131 0.40586
1868.78471 0.70569 1868.78471 0.50946
1940.2738 0.91651 1940.2738 0.52113
2113.57813 1.37227 2113.57813 0.39287
2222.59346 1.74156 2222.59346 0.30926
T avg Iavg/Mi T avg n
1813.13689 0.58416 1813.13689 0.39858
1907.16446 0.89011 1907.16446 0.4932
2008.60925 1.20887 2008.60925 0.47286
2199.87307 1.85581 2199.87307 0.36372
T avg Iavg/Mi T avg n
1809.30126 0.50094 1809.30126 0.91347
1884.95574 0.63884 1884.95574 0.79164
1836.59233 0.57928 1836.59233 0.82418
1940.065 0.76291 1940.065 0.73034
2120.87767 1.13411 2120.87767 0.51507
T avg Iavg/Mi T avg n
1988.22033 0.88386 1988.22033 0.63022
2061.57845 1.07028 2061.57845 0.54358
1990.78448 0.93173 1990.78448 0.6059
2067.5995 1.1117 2067.5995 0.54032
2116.3208 1.19737 2116.3208 0.46835
T avg Iavg/Mi T avg n
1803.23565 0.31884 1803.23565 0.84765
1863.37417 0.38093 1863.37417 0.78571
1955.46471 0.44777 1955.46471 0.63939
2112.47811 0.68197 2112.47811 0.52761
T avg Iavg/Mi T avg n
1812.07972 0.22429 1812.07972 0.92217
1885.40783 0.2994 1885.40783 0.85852
1955.85308 0.37606 1955.85308 0.80997
2037.44133 0.5303 2037.44133 0.67069
2134.44329 0.70163 2134.44329 0.50502
T avg Iavg/Mi T avg n
2134.44329 0.70163 2134.44329 0.50502
2024.95862 0.59447 2024.95862 0.53679
1883.99942 0.4348 1883.99942 0.65144
T avg Iavg/Mi T avg n
1796.7533 0.36182 1796.7533 0.7755
1911.14691 0.48268 1911.14691 0.66274
2032.23155 0.65014 2032.23155 0.5677
2144.65911 0.85719 2144.65911 0.45681
T avg Iavg/Mi T avg n
1805.57536 0.34218 1805.57536 1.35814
1851.6055 0.35246 1851.6055 1.06385
1904.37085 0.36029 1904.37085 0.88522
2006.86817 0.48171 2006.86817 0.77354
2177.47533 0.91703 2177.47533 0.62753
T avg Iavg/Mi T avg n
2177.47533 0.91703 2177.47533 0.62753
2116.5406 0.77301 2116.5406 0.54759
2040.0975 0.66488 2040.0975 0.60887
T avg Iavg/Mi T avg n
2253.35911 1.05627 2253.35911 0.4283
1858.02567 0.55259 1858.02567 0.81197
1792.11705 0.47525 1792.11705 0.90636
This data in all figures Figure 5A Graphite Figure 5C Graphite Figure 5E Graphite Figure 5B Graphene Data Figure 5D Graphene Data Figure 5F Graphene Data
Temp 1000/T Theo ln(C/s/nm^2) 1000/T Avg Rate 1st Ramp 1000/T Extrapolated Data 1st Ramp 1000/T Avg Rate 2nd Ramp 1000/T Extrapolated Data 2nd Ramp 1000/T Average Rate 3rd Ramp 1000/T Extrapolated Data 3rd Ramp 1000/T Avg Rate 1st Ramp 1000/T Extrapolated Data 1st Ramp 1000/T Avg Rate 2nd Ramp 1000/T Extrapolated Data 2nd Ramp 1000/T Average Rate 3rd Ramp 1000/T Extrapolated Data 3rd Ramp
3410 0.29326 14.69311 0.55556 ‐6.34733 0.625 ‐9.07355 0.55556 ‐8.24182 0.625 ‐12.33554 0.55556 ‐8.07586 0.625 ‐11.87026 0.555555556 ‐6.445195477 0.625 ‐9.44662 0.55556 ‐7.69967 0.625 ‐10.82961 0.55556 ‐8.03932 0.625 ‐11.71169
3405 0.29369 14.64847 0.52632 ‐5.30061 0.58824 ‐7.65141 0.52632 ‐6.585 0.58824 ‐10.18223 0.52632 ‐6.57588 0.58824 ‐9.88257 0.526315789 ‐5.330970131 0.58824 ‐7.88839 0.52632 ‐6.60657 0.58824 ‐9.21969 0.52632 ‐6.66305 0.58824 ‐9.80359
3255 0.30722 13.24568 0.5 ‐4.27797 0.55556 ‐6.38728 0.5 ‐5.04033 0.55556 ‐8.26819 0.5 ‐5.15864 0.55556 ‐8.11573 0.5 ‐4.201344388 0.55556 ‐6.5033 0.5 ‐5.44542 0.55556 ‐7.78864 0.5 ‐5.29762 0.55556 ‐8.10751
3150 0.31746 12.18424 0.47619 ‐3.2731 0.52632 ‐5.25621 0.47619 ‐3.59075 0.52632 ‐6.55562 0.47619 ‐3.77713 0.52632 ‐6.53487 0.476190476 ‐3.077937104 0.52632 ‐5.26401 0.47619 ‐4.21434 0.52632 ‐6.50823 0.47619 ‐3.91011 0.52632 ‐6.58996
3145 0.31797 12.13193 0.5 ‐4.23826 0.5 ‐5.01431 0.5 ‐5.11209 0.5 ‐4.14864 0.5 ‐5.35587 0.5 ‐5.22417
3065 0.32626 11.27171 0.47619 ‐3.31725 0.47619 ‐3.61979 0.47619 ‐3.82482 0.47619 ‐3.1395 0.47619 ‐4.31325 0.47619 ‐3.98845
3010 0.33223 10.65378 0.45455 ‐2.47997 0.45455 ‐2.35204 0.45455 ‐2.65458 0.45455 ‐2.2221 0.45455 ‐3.36542 0.45455 ‐2.86508
2955 0.33841 10.01286 0.43478 ‐1.7155 0.43478 ‐1.19453 0.43478 ‐1.58609 0.43478 ‐1.38448 0.43478 ‐2.5 0.43478 ‐1.83938
2875 0.34783 9.03683 0.41667 ‐1.01473 0.41667 ‐0.13349 0.41667 ‐0.60665 0.41667 ‐0.61665 0.41667 ‐1.70671 0.41667 ‐0.89916
2825 0.35398 8.39873
2825 0.35398 8.39873 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data
2725 0.36697 7.0523 0.55159 ‐6.08665 ‐6.17875 0.55744 ‐7.86741 ‐7.93618 0.5186 ‐7.74233 ‐7.59575 0.51926 ‐6.13427 ‐6.1837 0.4671 ‐3.63752 ‐3.98858 0.53151 ‐5.90464 ‐6.04075
2595 0.38536 5.1468 0.5256 ‐5.47885 ‐5.34386 0.52801 ‐6.40861 ‐6.44403 0.4959 ‐5.5191 ‐5.79328 0.51156 ‐5.71971 ‐5.81764 0.50764 ‐6.60717 ‐6.05404 0.51215 ‐5.45852 ‐5.27618
2590 0.3861 5.06969 0.49828 ‐4.49221 ‐4.46605 0.49605 ‐5.03933 ‐4.82373 0.46981 ‐3.85006 ‐3.72247 0.49925 ‐5.44851 ‐5.23286 0.57806 ‐9.44 ‐9.64209 0.45515 ‐2.97839 ‐3.02461
2465 0.40568 3.04032 0.4806 ‐3.82882 ‐3.89789 0.448 ‐2.27603 ‐2.38744 0.4671 ‐3.63752 ‐3.7058 0.61055 ‐9.8567 ‐11.29754
2425 0.41237 2.34673 1000/T Exp Data Fit Data
2415 0.41408 2.16975 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 0.55973 ‐7.01402 ‐9.58472
2405 0.4158 1.99129 0.5234 ‐5.32349 ‐5.32862 0.47821 ‐3.81505 ‐3.9402 0.53048 ‐5.69919 ‐5.67346 0.53493 ‐5.75279 ‐5.6154 0.46936 ‐3.60501 ‐4.08724 0.51804 ‐7.17105 ‐7.16339
2395 0.41754 1.81134 0.49516 ‐4.13407 ‐4.12089 0.50028 ‐5.74074 ‐5.5211 0.49771 ‐4.07229 ‐4.13439 0.52734 ‐5.19768 ‐5.27458 0.48683 ‐5.32216 ‐4.6513 0.49172 ‐5.61543 ‐5.63468
2385 0.41929 1.62988 0.4772 ‐3.34462 ‐3.35268 0.52952 ‐7.52075 ‐7.61523 0.47452 ‐3.08145 ‐3.04509 0.51732 ‐4.73417 ‐4.82438 0.53151 ‐5.90464 ‐6.09327 0.47434 ‐4.63689 ‐4.62529
2375 0.42105 1.44689 0.55424 ‐8.39706 ‐9.38557 0.51091 ‐4.48419 ‐4.53642
2365 0.42283 1.26236 1000/T Exp Data Fit Data 0.51974 ‐4.98166 ‐4.93319 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data
2355 0.42463 1.07626 0.52501 ‐8.71276 ‐7.08224 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 0.45459 ‐2.04015 ‐2.00666 0.48485 ‐5.04172 ‐5.32791 0.55236 ‐9.94601 ‐9.92595
2345 0.42644 0.88857 0.49893 ‐5.6092 ‐5.71035 0.54414 ‐8.26299 ‐8.4897 0.55153 ‐8.56271 ‐10.79624 0.51749 ‐6.66652 ‐6.15921 0.52308 ‐7.44584 ‐7.47833
2335 0.42827 0.69928 0.47524 ‐4.70749 ‐4.46424 0.52865 ‐7.74353 ‐7.42933 0.52434 ‐8.51051 ‐8.35494 1000/T Exp Data Fit Data 0.55973 ‐7.01402 ‐7.23515 0.47588 ‐3.54483 ‐3.53239
2325 0.43011 0.50835 0.45838 ‐3.43512 ‐3.57722 0.50032 ‐5.15827 ‐5.49092 0.49786 ‐5.72661 ‐5.97738 0.55087 ‐6.03004 ‐6.04253
2315 0.43197 0.31578 0.4759 ‐3.86695 ‐3.82037 0.45457 ‐2.18637 ‐2.09119 0.49013 ‐2.49424 ‐2.52061 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data
2305 0.43384 0.12154 1000/T Exp Data Fit Data 0.50965 ‐3.69124 ‐3.65239 0.48476 ‐4.95053 ‐4.96819 0.55823 ‐8.61109 ‐8.46645
2295 0.43573 ‐0.0744 0.55334 ‐6.09254 ‐6.043 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 0.45142 ‐1.78411 ‐0.27575 0.50582 ‐6.83096 ‐6.61867 0.52699 ‐6.47127 ‐6.70072
2285 0.43764 ‐0.27205 0.52271 ‐5.01761 ‐5.14457 0.55422 ‐7.65253 ‐7.83902 0.55456 ‐8.26027 ‐8.56939 0.51792 ‐7.20711 ‐7.56673 0.50199 ‐5.27756 ‐5.28795
2275 0.43956 ‐0.47144 0.49724 ‐4.49864 ‐4.3973 0.52275 ‐6.28627 ‐6.34701 0.53666 ‐7.72475 ‐7.52705 1000/T Exp Data Fit Data 0.52993 ‐8.67316 ‐8.50814 0.47679 ‐3.9591 ‐3.86389
2265 0.4415 ‐0.67259 0.47821 ‐3.81505 ‐3.83896 0.49852 ‐5.32361 ‐5.19822 0.51139 ‐6.38624 ‐6.05516 0.53159 ‐5.29168 ‐5.20771 0.55236 ‐9.94601 ‐10.26593
2255 0.44346 ‐0.87552 0.48495 ‐4.55455 ‐4.55474 0.47338 ‐3.62189 ‐3.84154 0.49563 ‐4.01641 ‐4.21528
2245 0.44543 ‐1.08027 1000/T Exp Data Fit Data 0.46936 ‐3.60501 ‐3.4901 1000/T Exp Data Fit Data
2235 0.44743 ‐1.28684 0.55045 ‐6.59245 ‐7.01882 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 0.47622 ‐3.40003 ‐3.53839
2225 0.44944 ‐1.49527 0.54042 ‐6.47018 ‐6.45243 0.52768 ‐5.47895 ‐5.52515 0.55656 ‐8.20293 ‐8.24638 1000/T Exp Data Fit Data 0.4998 ‐5.15759 ‐5.02902
2215 0.45147 ‐1.70558 0.52437 ‐5.5188 ‐5.54699 0.50711 ‐4.425 ‐4.3515 0.52325 ‐6.54204 ‐6.45132 0.52305 ‐6.83621 ‐6.82075 0.52662 ‐6.84583 ‐6.7245
2205 0.45351 ‐1.9178 0.4971 ‐4.01856 ‐4.00811 0.47232 ‐2.33849 ‐2.3658 0.49207 ‐4.7232 ‐4.77143 0.4922 ‐5.25154 ‐5.33187 0.55823 ‐8.61109 ‐8.72262
2195 0.45558 ‐2.13196 0.46627 ‐3.38246 ‐3.38147 0.48485 ‐5.04172 ‐4.97686
2185 0.45767 ‐2.34807 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data
2175 0.45977 ‐2.56617 0.52221 ‐5.66367 ‐5.6479 0.51539 ‐6.77462 ‐6.7512 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data
2165 0.46189 ‐2.78629 0.51273 ‐5.90026 ‐5.41791 0.47313 ‐3.62359 ‐3.68966 0.44378 ‐2.37675 ‐2.37676 0.55367 ‐6.27214 ‐7.1979
2155 0.46404 ‐3.00845 0.49804 ‐5.01844 ‐5.06125 0.44992 ‐2.05111 ‐2.00846 0.53821 ‐8.25929 ‐8.25929 0.52672 ‐6.29428 ‐6.40128
2145 0.4662 ‐3.23268 0.48395 ‐4.74613 ‐4.71909 0.558 ‐8.57507 ‐9.49242 0.4989 ‐5.89651 ‐5.57893
2135 0.46838 ‐3.45901 0.48476 ‐4.95053 ‐5.16111
2125 0.47059 ‐3.68747 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data
2115 0.47281 ‐3.91809 0.54525 ‐6.63474 ‐6.56653 0.50231 ‐5.58364 ‐5.56008 1000/T Exp Data Fit Data
2105 0.47506 ‐4.1509 0.51078 ‐5.40125 ‐5.54906 0.48365 ‐4.51973 ‐4.58274 0.55281 ‐5.51999 ‐5.5152
2095 0.47733 ‐4.38594 0.48124 ‐4.7566 ‐4.67702 0.47252 ‐4.0391 ‐3.99962 0.52324 ‐4.66442 ‐4.71678
2085 0.47962 ‐4.62323 0.49832 ‐4.13881 ‐4.04401
2075 0.48193 ‐4.86281 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data 0.47622 ‐3.40003 ‐3.44725
2065 0.48426 ‐5.1047 0.55819 ‐9.25146 ‐9.34889 0.46851 ‐2.91066 ‐2.97007
2055 0.48662 ‐5.34896 0.52633 ‐7.26314 ‐7.06328 0.49384 ‐5.02934 ‐4.92921
2045 0.489 ‐5.5956 0.51279 ‐6.09809 ‐6.09196 0.53079 ‐7.74614 ‐7.78686
2035 0.4914 ‐5.84466 0.49697 ‐4.84845 ‐4.95701
2025 0.49383 ‐6.09619
2015 0.49628 ‐6.35021 1000/T Exp Data Fit Data 1000/T Exp Data Fit Data
2005 0.49875 ‐6.60676 0.52324 ‐4.75897 ‐4.75415 0.45925 ‐2.45401 ‐2.54323
1995 0.50125 ‐6.86589 0.49222 ‐3.64941 ‐3.69483 0.47247 ‐3.9598 ‐3.80394
1985 0.50378 ‐7.12762 0.47331 ‐3.1365 ‐3.0488 0.49017 ‐5.42538 ‐5.49202
1975 0.50633 ‐7.39201 0.46017 ‐2.55311 ‐2.6002
1965 0.50891 ‐7.65909
1955 0.51151 ‐7.9289 1000/T Exp Data Fit Data
1945 0.51414 ‐8.20149 0.55163 ‐8.03496 ‐5.68218
1935 0.5168 ‐8.47689 0.5239 ‐4.85757 ‐4.85617
1925 0.51948 ‐8.75516 0.49461 ‐2.55202 ‐3.98372
1915 0.52219 ‐9.03633 0.49235 ‐3.91256 ‐3.91643
1905 0.52493 ‐9.32045 0.47445 ‐3.38565 ‐3.38319
1895 0.5277 ‐9.60757
1885 0.5305 ‐9.89774 1000/T Exp Data Fit Data
1875 0.53333 ‐10.191 0.52479 ‐5.4425 ‐5.42116
1865 0.53619 ‐10.48741 0.505 ‐4.29319 ‐4.33852
1855 0.53908 ‐10.78701 0.48738 ‐3.39872 ‐3.37474
1845 0.54201 ‐11.08986
1835 0.54496 ‐11.39601 1000/T Exp Data Fit Data
1825 0.54795 ‐11.70552 0.55219 ‐6.19434 ‐6.0353
1815 0.55096 ‐12.01844 0.50671 ‐3.67797 ‐3.99136
1805 0.55402 ‐12.33482 0.48375 ‐2.98779 ‐2.95971
1795 0.5571 ‐12.65473 0.45452 ‐1.77244 ‐1.64617
1785 0.56022 ‐12.97823
1775 0.56338 ‐13.30537 1000/T Exp Data Fit Data
1765 0.56657 ‐13.63621 0.53052 ‐5.14511 ‐5.18606
1755 0.5698 ‐13.97083 0.51545 ‐4.53878 ‐4.48379
1745 0.57307 ‐14.30928 0.4715 ‐2.42191 ‐2.43596
1735 0.57637 ‐14.65163
1725 0.57971 ‐14.99796 1000/T Exp Data Fit Data1
1715 0.58309 ‐15.34832 0.55185 ‐6.5756 ‐5.1629
1705 0.58651 ‐15.70279 0.53039 ‐5.39258 ‐4.58874
1695 0.58997 ‐16.06144 0.51129 ‐4.05306 ‐4.07769
1685 0.59347 ‐16.42435 0.49081 ‐3.57721 ‐3.52998
1675 0.59701 ‐16.7916 0.46851 ‐2.91066 ‐2.93327
1665 0.6006 ‐17.16325
1655 0.60423 ‐17.5394 1000/T Exp Data Fit Data
1645 0.6079 ‐17.92012 0.52511 ‐5.8351 ‐5.8288
1635 0.61162 ‐18.3055 0.49829 ‐4.44216 ‐4.45279
1625 0.61538 ‐18.69562 0.45925 ‐2.45401 ‐2.44968
1615 0.6192 ‐19.09057
1605 0.62305 ‐19.49044
1595 0.62696 ‐19.89533
1585 0.63091 ‐20.30532
1575 0.63492 ‐20.72052
1565 0.63898 ‐21.14103
1555 0.64309 ‐21.56695
1545 0.64725 ‐21.99838
1535 0.65147 ‐22.43543
1525 0.65574 ‐22.87821
1515 0.66007 ‐23.32684
Figure 6A Graphite Data Figure 6B Graphene Data
M_I Ea (kJ/mol) M_I Ea (kJ/mol)
22.16349 267.14402 11.26089 394.9702
20.65761 421.54101 11.08014 423.6423
14.26879 355.58903 39.37613 373.4958
21.83925 437.36601 70.86106 482.1347
38.93047 243.9166506 41.79014 229.4739
36.91668 595.4463931 38.94829 268.3702
46.71086 469.19336 37.87616 328.4503
10.02041 201.85678 41.06963 401.3761
5.55622 245.40743 40.87548 211.7857
75.96802 596.51555 40.70118 482.9261
39.55572 283.95802 42.84934 245.7435
35.86965 568.92825 42.53173 651.5733
120.82357 247.65209 42.12453 695.0297
114.41283 394.22492 64.03095 224.5084
109.06675 659.98583 61.79144 525.6055
15.14995 454.93622 59.67103 469.8583
13.78304 474.55585
12.22539 390.53929
58.11882 373.64122
50.80775 602.34573
46.66514 746.4811
17.83133 387.46435
16.65207 435.43481
16.24699 484.2215
17.663499 222.4248456
16.897197 643.0542578
15.436965 448.0165869
19.35606 426.59304
18.80892 792.80297
17.45237 517.98512
Figure 7  Graphite Data Figure 7 Graphite Data Figure 7 Graphene Data Figure 7 Graphene Data
S2‐s1/S1 I2‐I1/I1 Percent Change S3‐S1/S1 I3‐I1/I1 Percent Change grapheneS2‐s1/S1 grapheneI2‐I1/I1 Percent Change grapheneS3‐S1/S1 grapheneI3‐I1/I1 Percent Change
‐0.39501 0.06966 6.966 ‐0.86121 0.32832 32.832 ‐0.32714 0.08361 8.361 ‐0.36892 0.34088 34.088
‐0.64032 0.02886 2.886 ‐0.16221 0.05557 5.557 ‐0.52312 0.24147 24.147 ‐0.33467 0.01181 1.181
‐0.77881 ‐0.4572 ‐45.72 ‐0.91624 0.42786 42.786 ‐0.00556 ‐0.00953 ‐0.953 0.06485 0.25604 25.604
‐0.67502 0.19491 19.491 ‐0.80368 ‐0.3883 ‐38.83 ‐0.42353 0.06164 6.164 ‐0.66259 0.16956 16.956
0.12692 ‐0.15574 ‐15.574 ‐0.759 0.30172 30.172 ‐0.61411 0.11622 11.622
‐0.85718 0.28134 28.134
‐0.81267 0.0431 4.31
‐0.80408 0.17835 17.835
